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ABSTRACT
Rivers serve as an important medium for the exchange of elements between land, ocean,
and atmosphere. This thesis consists of three interconnected studies with the overarching goal of
analyzing the environmental factors influencing dissolved carbon dynamics and river
geochemistry in large rivers. These studies utilized river water samples and in-stream
measurements collected from the Mississippi and Atchafalaya Rivers at hourly to monthly
intervals between 2013 to 2018, along with ambient river and meteorological data downloaded
from public-access databases. Results indicate substantially higher dissolved organic carbon
concentrations (DOC, 611 ±181 µmol L-1) but lower concentrations of dissolved inorganic
carbon in the Mississippi River than those reported more than a decade ago, likely attributed to
an increase in air temperatures and river discharge in recent years. Consequently, combined total
dissolved carbon exports (16.2 Tg C) to the Northern Gulf of were greater than previously
estimated. Mississippi River partial pressure of carbon dioxide (pCO2) measurements were
strongly predicted by river water temperature and discharge, ranging from 526 to 3961 µatm,
resulting in an average annual outgassing rate of 721 g C m-2 yr-1. Results also found Mississippi
River pCO2 measurements followed a distinct diel cycle, with variation ranging by 206-607
µatm over a 24-hr period, due to the solar radiation-driven diel photosynthesis cycle. This cycle
produced evening CO2 outgassing rates during spring and summer months greater than daylight
rates (10 ±8% and 25 ±10%, respectively), suggesting a significant under-estimation of CO2
outgassing calculations in many large rivers. Of the thirty-one non-carbon elements analyzed in
this study, Al, Ba, B, Ca, Fe, Mg, Mn, Ag, Si, Na, and Ti, demonstrated drastically different
concentrations between the Mississippi and Atchafalaya Rivers due to differences in lithology,
land use, and anthropogenic inputs. Loads of Al, Ba, B, Fe, Li, Mn, P, K, Si, Ag, Ti, V, and Zn
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regularly decreased from upstream to downstream of the Atchafalaya’s natural wetland
floodplain system, suggesting the river’s corridor wetlands function as a sink for many riverine
metals. Collectively, these studies demonstrate a strong influence of physical and
biogeochemical controls on transport and transformation of terrigenous elements in large river
systems.

v

CHAPTER 1. INTRODUCTION
Rivers function primarily as a conduit for the delivery of freshwater to the ocean,
discharging more than 37,000 km3 annually into coastal systems (Dai et al., 2002). While this
freshwater contains numerous constituents in both solute and particulate forms that are essential
to the life-cycle of many aquatic organisms, it may also contain toxic elements, such as heavy
metals, that can cause deleterious effects to humans, fish, waterfowl, and other fauna (Bols et al.,
2001; Karmal et al., 2004; Zhang and Ma, 2011). For this reason, quantifying the export of river
constituents and understanding the mechanisms that influence their riverine biogeochemical
cycles is vital for protecting the health of our aquatic systems. This is especially true for coastal
Louisiana, where the health of both freshwater and estuarine systems are critical to regional,
national and international economies (FAO, 2014; NOEP, 2016). This research focuses primarily
on dissolved carbon and metals in the Mississippi-Atchafalaya Rivers, which play a number of
important roles in coastal ecosystem dynamics and health.
Carbon is an essential nutrient for all living organisms and can be composed of both
inorganic and organic species. Dissolved inorganic carbon (DIC) is the sum of carbon ions
derived from mineral weathering, oxidation of organic material, and atmospheric exchange (CO2,
CO3-, HCO3-, H2CO3) (Hope et al., 1994). The dominance of DIC species is highly dependent on
river water pH (Stumm and Morgan, 1981). Dissolved organic carbon (DOC) is generally
defined as any organically sourced carbon that is smaller than 0.45 µm. In surface waters, the
DOC pool is most often dominated by humic and fulvic acids, though can also contain other
forms of acids, hydrocarbons, and very fine clay-humic-metal complexes (Thurman, 1985). The
life-cycle of dissolved carbon species in aquatic systems is often cyclical, meaning that DIC is
regularly converted to organic matter through photosynthesis while DOC can be mineralized in-
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situ, producing CO2. Rivers export between 0.4-1.1 Pg yr-1 of total carbon to oceans, with
approximately two thirds of this carbon in dissolved form (Meybeck 1982; Cole et al., 2007; Li
et al., 2017).
Though not all riverine carbon is delivered to the ocean, as carbon dioxide (CO2) can be
lost to the atmosphere through a process known as CO2 outgassing. This process is driven by the
oversaturation of CO2 in the water column with respect to the atmospheric CO2 concentration,
developing a strong pressure gradient, resulting in the release of dissolved CO2 from the water
surface into the atmosphere. Oversaturation of CO2 in the water column has been largely
attributed to the dominance of terrigenous and instream respiration over riverine primary
production (Richey, 2013). The rate at which CO2 is lost depends on the concentration of CO2 in
the water body and atmosphere, a temperature and salinity dependent solubility constant, and a
gas transfer constant (Cai and Wang, 1998), the last of which is highly variable dependent on
wind-speed, water turbulence and depth, and other physical parameters (Raymond and Cole,
1997; Cai and Wang 1998; Alin et al., 2011; Raymond et al., 2012). The net flux of global
riverine CO2 to the atmosphere ranges between 230 to 1800 Tg (Cole et al., 2007; Raymond et
al., 2013; Regnier et al., 2013; Lauerwald et al., 2015), representing a significant piece of the
global carbon cycle. However, the large range in flux estimates is reflective of current limitations
of data and understanding of this process. It is especially important to constrain this uncertainty
in high-order rivers because of their large representation in the global river surface area
(Downing et al., 2012).
While carbon is a major constituent to all life forms, other riverine elements can be
crucial for coastal ecosystem health. River geochemistry is the study of ions in river-water and
their interactions with land, biota, and the atmosphere. This research can include major elements
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commonly found in natural abundance in the environment such as calcium, magnesium, and
silicon, nutrients for organisms like phosphorus, potassium, and iron, and even toxic trace metals
such as arsenic, copper, or nickel. The majority of river ions are found naturally in rivers as a
byproduct of mineral weathering (Bluth & Kump, 1994; Gaillardet, 2003; Meybeck 2003), yet
atmospheric deposition (Galloway et al.,1982; Berner & Berner 1996), anthropogenic discharges
and runoff (Bradl, 2002; Gabarino et al., 1995; Jiang et al., 2009; Singh et al., 2004), and
decomposition of natural organic material can also function as sources of cations and anions
(Heikken 1994; Baldwin 1999; Ostojic et al., 2013). As several elements are either essential or
toxic to the health of aquatic organisms, understanding their abundance and the mechanisms
which influence their transport in rivers is key to maintaining the integrity of downstream
ecosystems.
With these concepts in mind, the overarching goal of this research was to expand the
understanding of the physical and biogeochemical processes influencing dissolved carbon
dynamics and river geochemistry in large river systems. This research consists of three interrelated studies investigating carbon and river geochemistry in two large alluvial rivers in
southern Louisiana – the Mississippi and Atchafalaya Rivers. These studies strive to achieve the
following objectives: 1) investigate dissolved carbon and riverine metals dynamics in the
Mississippi-Atchafalaya System and their relationships with river discharge, water chemistry,
and meteorological conditions; 2) quantify mass export of dissolved carbon and riverine metals
from these rivers to the Northern Gulf of Mexico; 3) determine processes driving temporal
variation in carbon dynamics and CO2 outgassing in the Mississippi River; and 4) identify
processes influencing spatial variation in river geochemistry between the Mississippi and
Atchafalaya Rivers, which have varying degrees of hydrologic connectivity between their natural
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floodplains. Based on literature review, these objectives were utilized to test the following
hypotheses within the Mississippi-Atchafalaya River System: 1) Increases in air temperature and
river discharge can increase riverine carbon fluxes; 2) In-situ biological processes can produce
diel variation in carbon dioxide fluxes from rivers to the atmosphere; 3) River corridor wetlands
function as a sink for riverine metals, resulting in a significant change in river geochemistry.
Chapters 2 through 4 of this thesis are structured as independent manuscripts, each with
its own introduction, methods, results, discussion and conclusions section. Chapter 2 aims to test
hypothesis (1) and is currently under review in Water Research. Chapter 3 aims to test
hypothesis (2) and was published in Water. Chapter 4 aims to test hypothesis (3) and was
published in Chemosphere.
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CHAPTER 2. DISSOLVED CARBON DYNAMICS AND MASS EXPORT
2.1. Introduction
Terrestrial carbon export from river systems to estuarine and marine environments is a
crucial component of the global carbon cycle. Carbon can be exported in both particulate (e.g.
organic debris and sediment-bound matter) and dissolved forms (e.g. dissolved organic and
inorganic carbons), the latter of which is much more challenging to quantify, especially in the
longer term. Most recent estimates of dissolved organic carbon exports (DOC, 199–360 Tg yr-1)
and dissolved inorganic carbon exports (DIC, 381–410 Tg yr-1) are both higher than estimates for
particulate organic carbon exports (POC, 179–240 Tg yr-1) and particulate inorganic carbon
exports (PIC, 170 Tg yr-1) (Meybeck, 1982 and 1992; Hedges and Keil, 1995; Aitkenhead and
McDowell, 2000; Li et al., 2017), demonstrating the importance of accurately quantifying
dissolved carbon export in global carbon accounting. Different DIC species can be heavily
utilized by phytoplankton and aquatic plants through photosynthesis, while consumption and
oxidation of DOC is vital to the life-cycle of aquatic organisms in both riverine and estuarine
environments (Hope et al., 1994; Raymond and Bauer, 2001). For these reasons, studying the
transport and transformation of dissolved carbon in river systems is of great importance.
Rivers not only transport carbon from land to ocean, but can also release carbon into the
atmosphere through a process known as carbon dioxide (CO2) outgassing. This phenomenon has
been attributed to an oversaturation of dissolved CO2 in the water column in response to
respiration of organic carbon and aquatic metabolism over-powering in-stream gross primary
production (Richey et al., 2003). Recent research has found many of the world’s largest rivers
function as a source of CO2 to the atmosphere (Butman et al., 2011; Li et al., 2013; Sawakauchi
et al., 2017), resulting in a large global river CO2 flux to the atmosphere between 230–1800 Tg

5

each year (Cole et al., 2007; Raymond et al., 2013; Regnier et al., 2013; Lauerwald et al., 2015),
drastically greater than particulate exports. The large variation in global outgassing estimates
stems not only from differing methods in outgassing calculations, but also from data availability.
As more research is showing that the partial pressure of CO2 (pCO2) in rivers can vary spatially
(Liu et al., 2017, Ran et al., 2017) and temporally (Lynch et al., 2010; Ran et al., 2015; Reiman
and Xu, 2019), due to land-use, lithology, and seasonal variation in hydrologic inputs and
biological processing, long-term, high-resolution data is beneficial in constraining uncertainties
in river carbon accounting.
Draining approximately 41% of the continental U.S. and discharging a total of
approximately 680 km3 of water annually into the Gulf of Mexico (Xu and DelDuco, 2017), the
Mississippi-Atchafalaya River system is the largest river system in North America. The flow
volume represents 2% of the total global export of freshwater to oceans (Dai and Trenberth,
2002). Despite the relevance of such a large river in regional and global carbon budgets, few
studies have analyzed all forms of dissolved carbon transport in the lower reaches of the
Mississippi River’s main channel. Further, existing studies are short-term in nature with limited
data requiring interpretation of carbon dynamics over seasons and years. Studies by Bianchi et
al., (2004), Dubois et al. (2010), Shen et al. (2012), Cai et al. (2015) reported annual DOC from
the lower Mississippi between 1.5-3.1 Tg, while, Cai et al. (2003 and 2015) estimated an annual
DIC export of ~13.6 Tg. These estimates represent as much as 2% and 4% of global DOC and
DIC exports. One study (Dubois et al., 2010) analyzed annual CO2 outgassing in the lower
reaches of the river’s main channel, which found an average partial pressure of CO2 (pCO2)
value of 1362 µatm (Std. Dev.: ±267) nearly 20 years ago, estimating pCO2 using river alkalinity
and pH measurements. However, a recent pilot study on diel variation of CO2 in the Lower
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Mississippi River by Reiman and Xu (2019) using in-situ pCO2 measurements found a 7-25%
diel range of pCO2 values causing significantly lower CO2 outgassing rates during daylight
hours, indicating the potential of a large underestimation by Dubois et al.
While these studies have been helpful in estimating carbon fluxes for this large river
system, the data are well over a decade old. Discharge in the Mississippi River and atmospheric
temperatures within the river basin have been steadily increasing over the past century (Zhang et
al., 2006; Qian et al., 2007; Raymond et al., 2008). A US EPA study on river water temperature
found that both monthly and annual average temperatures in the Mississippi River Basin have
increased since 1950, especially in the past 10 years (Tang et al, 2015). The study predicted that
by the end of the 21st century river water temperatures of the Mississippi River Basin would
increase by 1-8 ºC, in agreement with the findings by Melilio et al (2014) and van Vliet et al.
(2013) that air and water temperature are expected to see large increases in coming years.
Concurrently, a modeling study by Tao and others (2014) has projected that the Mississippi
River discharge would continue increasing throughout the 21st century, by 11 to 60%, influenced
by changes in climate and land-use. It is currently unclear how carbon export from the
Mississippi River will respond to these discharge and temperature changes in the future.
A comprehensive review by Regnier and others (2013) declared that anthropogenic
disturbance of natural lands has drastically altered the global flux of carbon from land to water
and, in turn, the atmosphere. A recent study using the world's longest record of DOC
concentrations (130 years) from the Thames River Basin in United Kingdom showed that 90% of
the long‐term rise in riverine DOC was caused by urban development (Noacco et al., 2017).
Although such long-term DOC measurements do not exist for the Mississippi River, modeling
work by Tian et al. (2015a) and Ren et al. (2016) suggest that fluxes of DOC in the Mississippi
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may have increased by as much as 40% over the last 100 years primarily due to land-use change
and land-management practices. Raymond and others (2008) also reported a large increase in
bicarbonate concentrations and fluxes from the Mississippi River over the 20th century and
attributed it to agriculture drainage altering land-use practices paired with an increase in soil
liming. The modeling work by Ren and others (2015) predicts DIC fluxes in the river would
increase by as much as 65% in the next 100 years due to increasing precipitation and
temperatures. Processing of soil organic carbon is highly sensitive to soil temperature and
moisture (Borken et al., 1999); therefore, higher temperatures and precipitation can also result in
higher soil respiration rates, thus greater CO2 production and DOC leaching (Borken et al, 2002
and 2004; Raymond et al., 2010). Under these predicted changes in river chemistry due to
climate and land-use changes, an update on carbon dynamics in the Mississippi River is
necessary to validate models and provide data necessary to improve future modeling efforts.
With these motives in mind, this study collected monthly water samples for analysis of
DOC and DIC concentrations and their carbon–13 isotopes (δ13C), conducted instream
measurements of pCO2 and other ambient water parameters, and quantified DOC and DIC fluxes
and CO2 outgassing in the Lower Mississippi River from May 2015 to September 2018. The
primary objective of this study was to provide a much-needed update on dissolved carbon
dynamics and transport in this large river system under increasing discharge and air
temperatures. In addition, this study aimed to test the hypothesis that dissolved carbon loads in
the lower Mississippi River in the recent years have increased significantly as predicted by past
models.
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2.2. Materials and methods
2.2.1. Mississippi River Basin and study site
This study selected a single location on the Mississippi River at Baton Rouge, Louisiana
in the southern United States (N 30°26'44.4", W 91°11'29.6), approximately 368 river kilometers
upstream of the river’s outlet to the Northern Gulf of Mexico (Fig. 2.1). The river at this location
receives runoff from a land surface area of 2,915,834 km2 (USGS, 2019), being an ideal location
for quantifying total dissolved carbon export from the Mississippi River Basin. Both daily
discharge records and field data were collected at this location.

Figure 2.1. The Mississippi River Basin and its six tributary basins. The star denotes the field
sampling and measurement location of this study at Baton Rouge, Louisiana, USA.
The Mississippi River drains land from part or all of 31 U.S. states and two Canadian
provinces and is the world’s fourth largest river basin. The basin is comprised of six tributary
basins including the Arkansas-White-Red, Lower Mississippi, Missouri, Ohio, Tennessee, and
Upper Mississippi. Due to the vast drainage area, climate and land-use are highly variable across
the basin. The northernmost reaches of the basin experience a temperate climate, with warm
summers, cold extended winters, and large amounts of snowmelt runoff in the spring. Climate
becomes more sub-tropical in the southern basin, characterized by short, mild winters paired
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with humid, hot summer months. The entire basin is described as humid and rainy with an annual
average precipitation of 765 mm and an annual average air temperature of 13 ºC (Lakshmi et al.,
2018). Land-use in the Mississippi River Basin is highly heterogeneous, however, is slightly
dominated by agriculture, most prevalent in the Missouri, Upper Mississippi, and Ohio River
basins. The dominance of agricultural across the basin has had significant effects on changes in
nutrient (Antweiler et al., 1995; Mitsch et al. 2001) and carbon (Raymond et al., 2008; Ren et al.,
2016) over the last century. More than 100 million citizens reside within the Mississippi River
Basin, with approximately 20 million relying on the river as a drinking water source (Climate
Nexus). The river receives a substantial amount of point sources, primarily wastewater
discharges, which have been reported to have contributed a large quantity of nitrogen and
phosphorus (Turner and Rabalais, 2003; USEPA, 2007; Jacobson et al., 2011). According to the
Upper Mississippi River Basin Commission, 278 facilities discharge wastewater into the river
within this sub-basin alone (UMRBC). Although no report exists on dissolved carbon from
wastewater treatment plants in the Mississippi River Basin, the quantity is likely to be substantial
as treatment plants are not required to remove carbon from their effluent; therefore, can contain a
significant amount of dissolved organic carbon (DOC) following primary and secondary
treatment (Nishijima et al., 2003; Katsoyiannis and Samara, 2007).
2.2.2. River water sampling and measurements
Water grab samples and field measurements were conducted monthly over a wide range
of flow conditions between May 2015 to May 2016 and December 2016 to September 2018 in
the Lower Mississippi River (Fig. 2.2). Thirty-four out of thirty-nine trips were conducted
between 14:00–18:30 U.S. Central Standard Time (CST). Additional field trips were conducted
either weekly or bi-weekly during a flood pulse between May and June 2017 to assess the
influence of flood pulses on carbon transport and CO2 outgassing. All samples were collected in
10

well-flowing water, at a depth of 30–50 cm below the surface, from a publicly accessible boat
ramp using a 3.7–meter aluminum pole with a high-density polyethylene (HDPE) bottle attached
to the end of the pole. A minimum of three samples were gathered and mixed to ensure a
representative composite sample during each field trip. Samples were then distributed to their
appropriate container. Samples for DOC analysis were first stored in 250 mL HDPE bottles and
filtered the same day into 60 mL HDPE through a 0.2 µm nylon filter (Environmental Express,
Charleston, SC, USA). Samples for dissolved inorganic carbon (DIC) analysis were collected in
20 mL glass vials filled with no headspace. All water samples were stored in darkness on wet ice
during transportation.

Figure 2.2. Daily discharge in the Mississippi River at the study site (U.S. Geological Survey
Gauge# 07374000) with sample dates (red dots). The shaded area represents the 2017 flood pulse
where higher-resolution samples were collected.
2.2.3. Laboratory analysis
All water samples were analyzed for DOC and DIC concentrations and respective δ13C
stable isotopic composition at the University of California Davis Stable Isotope Facility
(UCDSIF) within four months of sample collection. Water samples were shipped to UCDSIF on
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ice. Samples of DOC were analyzed using an O.I. Analytical Model 1030 TOC Analyzer (Xylem
Analytics, College Station, TX) interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, UK). Samples were acidified and purged offline to remove
all DIC, then heated and mixed with sodium persulfate (Na2S2O8) to convert DOC into CO2.
Comparison of measured DOC concentrations with reference standards on average yielded an
error of less than 5%. Samples of DIC were analyzed using a GasBench II system interfaced with
a Delta V Plus isotope-ratio mass spectrometer (Thermo Scientific, Bremen, Germany). Water
samples were injected into helium-filled 12 mL septum capped vials containing 1 mL 85%
phosphoric acid to convert any dissolved CO2 or H2CO3 to gaseous CO2. All equilibrated
gaseous CO2 is then transferred into a helium carrier stream and sampled using a six-port rotary
valve. Comparison of measured DIC concentrations with reference standards on average yielded
an error of less than 3%. Carbon–13 (δ13C) isotope values of DOC and DIC are expressed as
deviations per mil (‰) from the international standard Vienna Peedee Belemnite (VPDB) using
the following formula:
δ13 C‰ = (

𝑅𝑠𝑎𝑚𝑝𝑙𝑒
− 1) × 1000
𝑅 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

where 𝑅 is the ratio of 13C to 12C isotopes in the sample and the VPDB reference standard
(Coplen, 2011). Stable isotopes of carbon have been used extensively to infer the processes
controlling sources of carbon in aquatic systems (Raymond and Bauer, 2001; Mayorga et al.,
2005; Wu et al., 2007). Carbonate minerals have an isotopic composition near 0‰, while CO2
produced from soil respiration is reflective of the source organic material, which can range
between -14 to -35‰ depending on photosynthetic pathway of the plant (Mook et al., 1974;
O’Leary, 1988). Therefore, DIC derived from the dissolution of carbonate minerals by dissolved
CO2 will have an isotopic composition between these two values. Dubois et al. (2010) calculated
12

a theoretical δ13C value of bicarbonate in the Mississippi River near -7.3‰ and theoretical value
of organic material across the basin ~-23.5‰, based on a 73/27% relative distribution of C3/C4
plants across the basin estimated by Lee and Veizer (2003). Outgassing of CO2 into the
atmospheric can also enrich isotopic composition (Doctor et al., 2008). Identifying the specific
process influencing carbon at a specific point in time is difficult due to the homogenous mixing
nature of isotopes from source/sink mechanisms, however, isotopes are helpful in tracking the
changes in biogeochemical carbon processes temporally.
2.2.4. DOC and DIC mass transport and CO2 outgassing calculations
A flow duration curve of average daily discharge in the Mississippi River at Baton Rouge
over the last 14 water years (October 2003 – September 2017) was compiled to group data into a
wet and a dry season (Fig. 1). All data in months where average daily discharge was greater than
50% exceedance probability (>16,594 m3 s-1) were grouped as wet, while all others were grouped
as dry. Monthly average daily river discharge was greater than 50% exceedance probability
during the months of January – July; therefore, these months were classified as wet season while
August-December were classified as dry season. Monthly load estimates of DOC and DIC were
calculated to estimate total annual loads of DOC and DIC using the following flow-weighted
equation:
∑𝐿

𝐿𝑎𝑛𝑛𝑢𝑎𝑙 = ∑𝑚𝑜𝑛𝑡ℎ 𝑄 × (∑ 𝑄𝑑𝑎𝑖𝑙𝑦 )
𝑑𝑎𝑖𝑙𝑦

where, Lannual is the total annual load of DOC or DIC (Tg C yr-1), Q is the average total discharge
of each month between May 2015 to April 2018 (km3 mo-1), Ldaily is daily DOC or DIC load of
samples collected in the respective month (Tg C d-1), and Qdaily is the total daily discharge on
days of sample collection in the respective month (km3 d-1).
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The rate of CO2 outgassing from the surface water to the atmosphere (FCO2 in g C m-2 d1

) for all samples was calculated using a well-established equation published by Cai and Wang

(1998):
𝐹𝐶𝑂2 = 𝐾𝑇 𝐾𝐻 (𝑝𝐶𝑂2𝑤𝑎𝑡𝑒𝑟 − 𝑝𝐶𝑂2𝑎𝑖𝑟 )
where 𝐾𝑇 is a gas transfer coefficient (m d-1), 𝐾𝐻 is a solubility constant (mol L-1 atm), pCO2water
and pCO2air are the partial pressure of dissolved CO2 in the water column and atmosphere
(µatm), respectively. A 𝐾𝑇 value of 4.3 m d-1 was used as this value was been reported as
representative of large low-land rivers (Alin et al. 2011). This gas transfer coefficient is much
lower than the reported global average of rivers, 5.7 m d-1 (Raymond et al. 2013); therefore, our
estimates likely represents a conservative estimate of CO2 outgassing. Weiss (1974) developed
the following equation used to calculate solubility constants:
100
𝑇
𝑇
𝑇 2
𝑙𝑛𝐾𝐻 = 𝐴1 + 𝐴2 (
) + 𝐴3 𝑙𝑛 (
) + 𝑆 [𝐵1 + 𝐵2 (
) + 𝐵3 (
) ]
𝑇
100
100
100
where A1= -58.0931, A2= 90.5069, A3= 22.2940, B1= 0.027766, B2= -0.025888, B3= 0.0050578, T
is the absolute temperature of water in Kelvin, and S is salinity. An 𝑆 of 0 was used for
calculating KH, as this portion of the Mississippi River is entirely freshwater. Atmospheric partial
pressure of CO2 was fixed at 400 µatm for the study period based on NOAA Global Monitoring
Division Data. Monthly CO2 outgassing rates were calculated by multiplying the average daily
outgassing rate for each month with number of days in each month with (g C m-2 mo-1). The
result of each month were then summed for the annual flux of CO2 to the atmosphere (g C m-2 yr1

). It should be noted that our pilot study on diel fluctuation of CO2 (Reiman and Xu, 2019)

found that pCO2 in the Mississippi River showed a significant diurnal cycle in spring and
summer months, with lowest levels around 15:00 – 18:00 CST. As the majority of samples were
collected between 14:00 and 18:30 CST, pCO2 measurements and CO2 outgassing calculations
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presented are likely very conservative estimates. The surface area of the Mississippi River
between Baton Rouge, LA and its confluence with the Northern Gulf of Mexico was calculated
using aerial photographs in ArcMap 10.3. The total annual CO2 outgassing rate was multiplied
by the identified surface area of the river (298,687,907 m2) to calculate the total amount of CO2
outgassed between the study site and the Northern Gulf of Mexico (g C yr-1).
2.2.5. Statistical analysis
All data were first tested for normality under the Shapiro-Wilk test. Data not following a
normal distribution were compared using a Wilcox non-parametric one-way comparison of
means. Normally distributed data were compared using Student’s unpaired and paired t-test. To
avoid potential skewing of data due to the disproportionate number of samples collected in May
and June 2017, a Student’s one-way t-test was used to compare the difference of means in the
data without the additional 2017 flood pulse data to respective means including flood samples.
The test resulted in no significant difference between means for the concentrations of any of the
carbon variables in this study; therefore, means of concentrations presented below represent all
data collected. Average monthly DOC and DIC loads and CO2 outgassing rates did show a
significant difference when including flood data; therefore, a single average of data collected in
May 2017 and June 2017 was used to calculate monthly loads and outgassing rates to avoid
skewing data. Pearson correlation coefficients were calculated to explore relationships between
all carbon, ambient water chemistry, and fluorescence data. Further linear regression analysis
was used to more strongly confirm relationships between parameters. A significance level of
0.05 was used for all statistical analysis. All statistical analyses were performed using SAS 9.4
software.
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2.3. Results
2.3.1. Discharge and ambient water parameters
During the 41 months from May 2015 to September 2018, Mississippi River discharge at
Baton Rouge averaged 17,103 m3 s-1 (standard deviation: ±7983) (Fig. 2.2), 11% higher than the
average discharge over the last fourteen years at the same location (i.e., 15,422 ±4788 m3 s-1) and
24% higher than the average discharge at Tarbert Landing between 1930-2014 (13,787 ±8005 m3
s-1), 116 river kilometers upstream of the sample site (USACE gauge #01100Q). Annual
discharge for each of the three study years was greater than the long-term average annual
discharge for the river. Five floods exceeding 30,000 m3 s-1 occurred during the 3-year study
period, with all except one occurring in spring or early summer months. The river discharge
reached as high as 34,546 m3 s-1 after a 32-day rising limb in the summer of 2017, the flood
pulse analyzed in this study. The event was a result of multiple days of heavy precipitation
upstream in the mid-western United States. Despite a wet study period, several samples were
also collected during periods of lower river discharge, reaching as low as 5923 m3 s-1 in October
2017 and tended to be lowest during late fall months.
Water temperature in the Mississippi River at Baton Rouge during the study period
averaged 19.6 °C (±7.7), 1 °C higher than the average over the prior fourteen years (18.5
±8.5 °C, USGS gauge #07374000). Water temperature variation mirrored typical seasonal
atmospheric temperatures (Fig. 2.3a). Specific conductance averaged 404 µS cm-1 (±70) and had
a strong inverse relationship with river discharge (Fig. 2.3b, Table 1). Dissolved oxygen (DO)
varied greatly during the study period (Fig. 2.3c), averaging 8.15 mg L-1 (±2.94) and
demonstrated a strong inverse relationship with water temperature. The river water at Baton
Rouge showed moderate variation in pH (7.60 ±0.34, Fig. 2.3d) and turbidity (71 ±45 NTUs),
the latter of which tended to be highest on the initial rising limb of high water events and lowest
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while discharge was at its peak (Fig. 2.3e). The river water showed an average cyanobacteria
fluorescence value of 66 AFUs (±23) and an average chlorophyll A fluorescence of 179 AFUs
(±70) (Fig. 2.3f). CDOM fluorescence averaged 59 AFUs (±7) and had a positive relationship
with chlorophyll A.

Figure 2.3. Temperature (a), specific conductance (b), dissolved oxygen (c), pH (d), turbidity (e),
cyanobacteria (f), chlorophyll a (f), and colored dissolved oxygenic matter (f) data measured in
river waters of the Mississippi at Baton Rouge during the 41-month study. May and June 2017
data represent the mean of samples collected during that the corresponding month. Error bars
represent standard deviations.
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Table 2.1. Pearson correlation coefficients between all study parameters. Only significant (p <
0.05) correlations are shown
DOC
13

δ CDOC
DIC
13

δ CDIC
pCO2
Q
T
SC
DO
pH
N
Cyan
Chl A
CDOM

13

13

DOC
1.00
–0.56
0.75

δ CDOC

DIC

δ CDIC

1.00
-

1.00
–0.64
0.59
0.50
-

1.00
–0.59
–0.67
0.51
0.37
-

Chl A

CDOM

1.00
0.73

1.00

pCO2

1.00
0.61
0.66
–0.73
–0.40
–0.50
–0.69
–0.74

Q

1.00
–0.79
–0.50
-

T

SC

DO

pH

N

Cyan

1.00
0.57
-

1.00
0.72
-

1.00
–0.63
-

1.00
0.89
-

1.00
-

1.00
–0.85
–0.75
-

DOC
13

δ CDOC
DIC
13

δ CDIC
pCO2
Q
T
SC
DO
pH
N
Cyan
Chl A
CDOM

2.3.2. DOC and DIC concentrations
River water of the lower Mississippi at Baton Rouge showed a mean dissolved organic
carbon concentration of 611 µmol L-1 (±181) during the study period. Concentrations of DOC
had a large range (354–1175 µmol L-1), with the highest measurements during the wet season
(Fig. 2.4a). However, no statistically significant relationship existed between DOC
concentrations and river discharge. Consequently, DOC concentrations showed no clear response
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during the 2017 flood pulse. The two highest DOC concentrations recorded during the study
period (1175 and 969 µmol L-1) occurred following local precipitation events in early summer,
likely due to localized surface runoff. Carbon–13 values of DOC ranged between -30.51 to 27.14‰ with an average of -28.20‰ (±0.83) during the study period (Fig. 2.4b). Measurements
13

of δ CDOC correlated inversely with DOC concentrations (Table 2.1), resulting in a similar but
non-distinguishable variation during the study period. A correlation was also found between
13

DOC concentrations and CDOM fluorescence but no correlation was found between δ CDOC and
CDOM.
Dissolved inorganic carbon concentrations averaged 1914 µmol L-1 (±573) over the study
period (Fig. 2.4a). Concentrations of DIC had a strong inverse relationship with river discharge
(Fig. 2.5a), resulting in lowest concentrations generally in spring months, highest concentrations
during the winter, and significantly lower concentrations during the wet season (p = 0.0067).
Lowest DIC measurements of 797 µmol L-1 occurred in spring 2018 and the highest, 3451 µmol
L-1, were collected in December 2016. The discharge dilution effect resulted in 580 µmol L-1
decrease in DIC concentrations over the rising limb of the flood. Concentrations rose slowly over
the crest and falling limb, however were still 390 µmol L-1 less than pre-flood concentrations.
Positive relationships were also found between DIC concentration and specific conductance and
pH, which both had inverse correlations with river discharge (Table 2.1). Carbon–13
measurements of DIC averaged -12.21‰ (±1.15) and also had a large range (Fig. 4b). The most
13

enriched δ CDIC sample, -9.84‰, did correspond with the most concentrated DIC sample,
however, no relationship was found between DIC concentration and its respective stable isotope.
13

A strong negative relationship was found between δ CDIC and discharge (Fig. 2.5b). The lowest
recorded isotope values during the study period occurred during the rising limb of the flood. Yet
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Figure 2.4. DOC and DIC concentrations (a) and carbon–13 composition (b) in river waters of
the Mississippi River at Baton Rouge during the 41-month study. May and June 2017 data
represent the mean of samples collected during that the corresponding month. Error bars
represent standard deviations.
by the end of the flood, DIC isotope values had returned to levels similar to prior flood values,
showing a quicker recovery response than DIC concentrations. Stable isotope measurements
were significantly more depleted during the wet season (p = 0.0107). Stable isotope
measurements also related to specific conductance and dissolved oxygen.
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Figure 2.5. Relationship of DIC concentrations (a) and carbon–13 isotopic composition (b) with
discharge of the Mississippi River at Baton Rouge, Louisiana.
2.3.3. Partial pressure of dissolved CO2
Partial pressure of dissolved carbon dioxide in the Lower Mississippi River at Baton
Rouge averaged 1689 µatm (±913) between December 2015 and September 2018. River water
was constantly supersaturated with pCO2 (i.e., >400 µatm) during all measurements. pCO2
measurements varied greatly in the river, ranging as high as 3961 µatm following the 2017
summer flood pulse and as low as 526 µatm in April 2016. Lowest measurements coincided with
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Figure 2.6. Increasing pCO2 with increasing (a) discharge (Q) and (b) river water temperature in
the Mississippi at Baton Rouge.
winter months while highest measurements occurred in summer. Wet season pCO2 values were
on average 805 µatm higher than the dry season and a significant (p = 0.0364) difference was
found between seasons using Wilcox non-parametric one-way comparison of means test.
Significant linear relationships were found between pCO2 and river discharge and river water
temperature (Fig. 2.6a and b). During the flood pulse, pCO2 more than doubled over the rising
limb of the flood and gradually dropped over the crest and falling limb. No pCO2 measurements
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were conducted during July-September 2017 due to technical issues with the C-Sense sampling
probe.
2.3.4. Dissolved carbon exports
From 2015 to 2018, DOC exports from the Lower Mississippi River to the Northern Gulf
of Mexico averaged 3.95 Tg yr-1 (Table 2.2). Approximately three quarters of the total DOC load
(2.95 Tg) was exported during the wet season (i.e., January-July). This ratio was consistent with
river discharge, where 73% of the total annual river discharge was transported during the wet
season. Monthly loads of DOC closely followed the monthly temporal trend of river discharge
(Fig. 2.7a). The largest monthly DOC load of 599 Gg occurred in May which had the second
highest monthly discharge and third highest flow-weighted average of DOC. The lowest monthly
DOC load (155 Gg C) occurred in October which had the lowest monthly discharge.
Dividing the annual DOC export by the drainage area above the Baton Rouge site (2,915,834
km2) produces a basin DOC flux of 1.4 g DOC–C m-2. It is to note that about 25% of the
Mississippi River’s water is diverted into the Atchafalaya River about 140 km upstream of Baton
Rouge; hence, the actual DOC flux from the Mississippi Basin should be higher.
Table 2.2. Annual and seasonal average discharge (Q), DOC and DIC exports, CO2 outgassing
and their seasonal contributions (%) from river water of the Lower Mississippi at Baton Rouge
Annual
Q (km3)
DOC (Tg C)
DIC (Tg C)
CO2 (g C m-2)

549
3.95
12.25
721

Wet Season
(Jan – Jul)
400
73%
2.95
75%
8.22
67%
504
70%
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Dry Season
(Aug – Dec)
149
27%
1.00
25%
4.03
33%
217
30%

Figure 2.7. Average monthly loads of (a) DOC and DIC and (b) monthly CO2 outgassing rates
(FCO2) of the lower Mississippi River at Baton Rouge during the 41-month study period. The
dashed line delineates the wet season and dry season.
On average, the Mississippi River at Baton Rouge discharged 12.26 Tg DIC each year into
the Northern Gulf of Mexico, which is three times that of the average annual DOC export. Twothird of the average annual DIC export (8.22 Tg) occurred during the wet season, slightly less
than that of river discharge. DIC loads followed a similar monthly trend as river discharge,
however, not as closely as DOC. January had the highest monthly export of 1.36 Tg while
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November had the lowest at 0.56 Tg. In total, the Mississippi River delivered 16.20 Tg of
dissolved carbon to the Northern Gulf of Mexico, annually, with a basin flux rate of 4.2 g DIC–C
m-2.
Monthly outgassing of CO2 from river water of the lower Mississippi at Baton Rouge
showed a much larger variation than DOC and DIC monthly exports (Fig. 2.7b). Seasonally, CO2
outgassing peaked in May (125 g C m-2) and dropped greatly in August (20 g C m-2). In general,
monthly outgassing rates followed that of river discharge, with the exception of April and
August where rates were much lower proportional to monthly discharge. The low rate in April
can likely be explained by the lowest pCO2 value collected occurring in April 2016 (526 µatm),
drawing down the monthly outgassing average. The reason for such a lower pCO2 value could
not be specifically identified; therefore, this potential outlier was not removed. Only one pCO2
sample was collected in August (2018), while river discharge was very low following a small
pulse on the hydrograph (Fig. 2.2). Consequently, pCO2 in the river was very low, resulting in a
low outgassing rate in August. On an annual average, the Mississippi River at Baton Rouge
outgassed 721 g C m-2 into the atmosphere. Approximately 70% of CO2 outgassed (504 g C m-2)
occurred during the wet season. Using this annual outgassing rate with a surface area of the
Lower Mississippi River from Baton Rouge to its Gulf outlet, Head of the Passes (298,687,907
m2), we estimated the Mississippi outgasses 215 Gg C yr-1 into the atmosphere in its final 368–
river kilometer reach before emptying into the Northern Gulf of Mexico.
2.4. Discussion
2.4.1. Effects of greater temperature and discharge on DOC
Average concentrations of DOC in the Mississippi at Baton Rouge during the study
period were between 122–315 µmol L-1 higher than past studies, with a much a much greater
variation than previously reported (Bianchi et al., 2004; Dubois et al., 2010; Shen et al., 2012;
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Cai et al., 2015). Air temperature has continued to increase in each of the Mississippi’s tributary
basins over the last 20 years, with even larger increases during the growing season months (Fig.
2.8). Average annual air temperature in the Mississippi’s sub-basins between 2015-2017 were
0.8–1.1 °C warmer than their respective 5-year averages twenty years ago (Table 2.3), with a
significant (p < 0.0001) increase in average air temperatures basin-wide using a paired t-test.
Greater air temperatures increase soil temperatures (Zheng et al., 1993), increasing soil
mineralization, resulting in greater production of DOC in soils (Moore and Dalva, 2001;
Wallenstein and Weintraub, 2008), which can be laterally transported to rivers. Modeling work
in the Mississippi River Basin strongly supports this theory, as greater temperatures have shown
to predict higher DOC leaching to the river’s tributaries (Tian et al., 2015a).
Discharge in the Mississippi River has also increased largely, namely 34%, over the past
80 years (Fig. 2.9). River discharge has been predicted to continue increasing by another 11-60%
by the end of the 21st century (Tao et al., 2014). Our study found a continued increase in
discharge with several high flow events during the past 41 months, suggesting increased surface
and subsurface runoff from the tributary basins. Though DOC showed no significant relationship
with discharge, increased runoff volume can produce significant higher quantity of soil DOC in
headwater catchments as evidenced by others studies (Raymond and Saiers, 2010; Inamdar et al.,
2011). Models by both Tian (2015a) and Ren (2016) suggest that significant DOC leaching
occurs in the river’s headwater tributaries due to localized flooding. Therefore, it is likely a
combination of greater temperatures and precipitation, supporting higher DOC concentrations
during the study period. Elevated concentrations paired with an average annual discharge
resulted in our annual DOC load estimate of 3.95 Tg C yr-1 between 0.85–2.44 Tg C yr-1 (27–
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162%) higher than previously reported, supporting our initial hypothesis of increasing carbon
exports.

Figure 2.8. Increasing trend of air temperatures during the growing season (May–October) in all
tributary basins of the Mississippi River over the past 20 years. Data from NOAA National
Centers for Environmental information https://www.ncdc.noaa.gov/cag/.
Table 2.3. Annual average air temperatures (mean ±std) in six tributary basins of the Mississippi
River in the study period, twenty years prior, and their differences (∆=Temp2015-2017 – Temp19951999).
Tributary Basin
Arkansas-White-Red
Lower Mississippi
Missouri
Ohio
Tennessee
Upper Mississippi
Average

Temperature (ºC)
2015–2017
1995–1999
15.1 ±0.3
14.2 ±0.7
18.6 ±0.3
17.8 ±0.8
9.0 ±0.3
7.9 ±1.0
12.4 ±0.5
11.6 ±1.0
15.4 ±0.3
14.4 ±0.9
9.7 ±0.4
8.6 ±1.3
13.4
12.4
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∆
(ºC)
+0.9
+0.8
+1.1
+0.8
+1.0
+1.1
+1.0

(%)
+6
+4
+14
+7
+7
+13
+8

Figure 2.9. Increasing discharge trend of the Mississippi River at Tarbert Landing, Louisiana
(U.S. Army Corps of Engineers Gauge# 01100Q), which has the longest flow records in the
lower Mississippi and is approximately 125 river kilometers upstream of the study location
Baton Rouge.
2.4.2. Variability of pCO2 and CO2 outgassing
This study is among very few studies to have actually measured pCO2 of rivers longer
than two years. It is also the first attempt to analyze seasonal trends of dissolved CO2 in the
main-stem of the lower Mississippi River. The findings gained can not only help improve the
current CO2 evasion estimation from global rivers, but provide important insights into the factors
that affect riverine CO2 outgassing. The clear relationships found between pCO2 and several
ambient water parameters suggest a combination of hydrologic and biological controls on
13

seasonality in CO2 outgassing. Concurrently, pCO2 showed an inverse relationship with δ CDIC
(Fig. 2.10), indicating significant inputs of CO2 sourced from organic materials rather than from
the atmosphere. All pCO2 measurements across all seasons were supersaturated in pCO2 with
respect to the atmosphere (400 µatm), confirming that atmospheric inputs are at most minimal
due to the air-water CO2 pressure gradient. Backward stepwise multiple linear regression
analysis revealed that a combination of river temperature and discharge was able to explain 63%
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of pCO2 variation, demonstrating a positive relationship with both variables (Table 2.4).
Consequently, pCO2 tended to be highest in the warm, early summer months, following the
annual spring discharge flush. Such a similar seasonal pCO2 trend has been also found in several
large rivers around the world (Raymond et al., 1997; Wang et al., 2007; Ran et al., 2015;
Sawakuchi et al., 2017). There are two possible reasons explaining the trend: (1) an increase in
net heterotrophy because of higher temperature, and/or (2) an increase in soil pore-water CO2
into the river channel because of increased mineralization and leaching of soil organic matter.

Figure 2.10. Increasing trend of pCO2 with declining carbon–13 DIC isotope, suggesting heavier
organic matter influence on DIC pool in the river.
Table 2.4. Relationship of pCO2 with water river discharge (Q) and temperature (T). Equation
slope and intercept estimates are presented with standard error (±SE). Only statistically
significant relationships at the p < 0.05 confidence level are presented.

pCO2

Parameter
Q
T
Q+T

Equation

R2

pCO2 = 0.046 (±0.013)Q +
70.77 (±17.92)T – 568 (±385)

0.63

F
12.12
15.59
19.61

p value
0.0020
0.0006
<0.0001

First, warm summer temperatures paired with lower turbidity levels following the spring
flush results in an aquatic environment conducive of biological processing. The increase in pCO2
under these conditions proposes the Lower Mississippi River is a heterotrophic, or respiration
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dominant, system. Over a two-year study on the Lower Mississippi River’s aquatic metabolism,
Dodds and others (2013) concluded the Mississippi is an unequivocally heterotrophic system,
especially in summer months. They also found a strong relationship between respiration and
river discharge, which they hypothesized was due to an increase in more biologically available
carbon in the river as discharge increases. Though DOC concentrations followed no direct
relationship with discharge in this study, Shen and others (2012) found that the composition of
organic material in the Lower Mississippi River does vary with discharge. pCO2’s inverse
relationships with dissolved oxygen, pH, and chlorophyll a fluorescence (Table 2.1) further
supports the dominance of in-situ respiration of organic matter as a driver of pCO2.
A second potential explanation is driven by river hydrology. A significant portion of
riverine pCO2 is sourced from washing in of pCO2 dissolved in soil pore-water as a byproduct of
organic matter decomposition and root respiration (Richey et al., 2002). As a result, pCO2
dynamics in rivers closely reflect soil pore pCO2 dynamics within the catchment they drain
(Hope et al., 2004). A number of studies have shown that soil pCO2 is positively correlated to
seasonal changes in atmospheric temperature, soil temperature, and precipitation (e.g., Davidson
et al., 2000; Hope et al., 2004; Jassal et al., 2004), where warm wet soils result in soil CO2
concentrations generally much greater than atmospheric pCO2 (Borken et al., 1999; Finlay,
2003). Draining of highly CO2 enriched soil pore-waters via baseflow and interflow in early
summer may have resulted in high concentrations of Mississippi River pCO2. Moving into winter
months, discharge, water temperatures, and biological processing are all low (Dodds et al.,
2013), resulting in less CO2 inputs all while pCO2 is gradually lost to atmosphere via outgassing,
13

producing more enriched δ CDIC values. Unfortunately, stable isotopes and ambient water data
alone cannot decipher which process precisely is this driving pCO2 variation, though it is likely a
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combination of processes as has been also suggested in the Amazon and Yangtze Rivers
(Mayorga et al., 2015; Ran et al., 2017).
Only one past study has reported pCO2 in the lower-most main channel of the
Mississippi River, which calculated pCO2 utilizing monthly to bi-monthly pH, temperature, and
alkalinity measurements from May 2000 to May 2001 (Dubois et al., 2010). Our pCO2
measurements in the present study were on average 327 µatm higher than those reported by
Dubois and others (2010) 20 years ago. The significantly higher pCO2 in the lower Mississippi
River were very likely driven by the greater temperatures and discharge during this study period
greater promoting production and subsequent dissolution of soil CO2 or a greater flushing of
organic material upstream which is mineralized in transit. Our study also showed a much greater
variation in pCO2 when compared with those reported by Dubois and others, which can be
attributed to one or a combination of the following: (1) the lack of pH variation reported in the
river by Dubois (7.6 ± 0.1), which is one of the most sensitive variables in calculating pCO2
using Henry’s Law; (2) the limited data collected by Dubois, and (3) the large range of discharge
in this study. Future studies utilizing high-resolution measurements of in-stream and atmospheric
CO2 are needed to most accurately quantify annual CO2 fluxes and variability from the lower
reaches of this river.
2.4.3. Isotopic signature for dissolved carbon
Stable isotopic signature of DIC during the study period had a significant inverse
relationship with discharge (Fig. 2.5b). This relationship resulted in significantly more depleted
13

δ CDIC values during the wet season (p = 0.0107) and an average value 2.2–4.7‰ lower than
13

that reported by Cai et al. (2015) and Dubois et al. (2010). The depletion of δ CDIC values is
indicative of an increase in DIC derived from the respiration of organic material, as CO2
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produced from respiration will have an isotopic value reflecting that of its source organic
material. The theoretical value of organic material across the basin is ~-23.5‰ (Dubois et al.,
2010), based on a 73/27% relative distribution of C3/C4 plants across the basin estimated by Lee
13

and Veizer (2003). Mayorga and others (2015) attributed highly depleted δ CDIC values in the
Amazon River to flushing of terrestrially-produced soil CO2 and/or the autochthonous respiration
of plentiful organic material in the water column. This theory is further reflected in the
convergence of DOC and DIC isotope values with increasing river discharge (Fig. 2.11) and the
relationship between discharge and pCO2 previously discussed.

Figure 2.11. Increasing river discharge (Q) with increasing ratio of DIC/DOC carbon–13 isotope
Concentrations of DIC were on average 500 µmol L-1 lower than those reported by Cai
and others (2015) over a decade ago and nearly 300 µmol L-1 lower than the average bicarbonate
concentration in the river between 1980-2005 (Raymond et al., 2008), likely owing to a dilution
effect in dissolved ions (Aucour et al., 1999; Chen et al., 2002; Finlay, 2003; Raymond et al.,
2004; Guo et al., 2012; Khadka et al., 2014). It should be noted an increase in CO2 outgassing
could also decrease DIC concentrations, however, based on the rate of C outgassed from the river
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calculated above, we hypothesize that this process would likely have a minimal influence on DIC
concentrations. Nonetheless, lower concentrations during the study period produced an annual
DIC load estimate 1.0 Tg (7%) lower than that reported more than a decade ago, despite an
average annual discharge 92 km3 (20%) greater (Cai et al., 2003 and 2015). To our surprise, our
findings on DIC loads appear contradictory to the recent model prediction by Ren et al., 2015
that DIC loads in the Mississippi River would increase due to climate change. Our findings
indicate that an increase in discharge does not necessarily correlate with an increase in DIC
export, however, can significantly alter the source of DIC in the river. Changes of DIC speciation
in large rivers could significantly influence carbon dynamics in end-member coastal systems and
is a hypothesis that requires further investigation.
2.4.4. Implications for future dissolved carbon transport in rivers
The findings of this study have crucial implications for the future river export of
dissolved carbon under global climate change in the Mississippi River and beyond. Warmer
temperatures and increases in precipitation have been projected for the Mississippi River Basin
throughout the century. These are very likely to continue accelerating terrestrial biogeochemical
processes, resulting in an increase in soil DOC production and leaching (Tian et al., 2015a),
oxidation of organic material producing CO2 (Hope et al., 2004; Falkowski and Raven, 2007),
and mineral weathering rates releasing bicarbonate (Berner et al., 1983; Lasaga et al., 1994). The
large increases in pCO2 and DOC export and changes in DIC composition variability under
greater river discharge and air temperatures over recent years strongly indicates the Mississippi’s
response to the changing climate in the river basin. The increase in riverine carbon exports will
likely have consequences to their receiving estuaries and the atmosphere (Canuel et al., 2012). It
is also believed that human alteration of the natural landscape through changes in land-use and
land management practices and urbanization have and will continue to significantly altered the
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global cycle of carbon between land, aquatic environmental, and the atmosphere (Regnier et al.,
2013; Butman et al., 2015). Nonetheless, it is apparent that an increase in both river discharge
and temperature can produce noticeable effects on carbon transport in the Mississippi River as
well as other river basins under a similar climate changing trend in the world.
2.5. Conclusions
This study monitored dissolved organic and inorganic carbon concentrations, carbon–13
stable isotopes, and partial pressure of carbon dioxide in the Lower Mississippi River at Baton
Rouge from May 2015 to September 2018, providing a much needed update on recent carbon
dynamics in the world’s fourth largest river basin. We found considerably higher DOC and pCO2
concentrations (611 ±181 µmol L-1 and 1689 ±913 µatm) in the past 41 months when compared
to those reported 10-20 years ago (296–489 µmol L-1 and 1362 ± 267 µatm). The higher levels of
DOC and pCO2 in the recent years are reflective of the increase in air and water temperatures in
the Mississippi River Basin. The higher DOC concentration also paired with higher river flow in
the recent years, resulting in a much greater annual export of total dissolved carbon (16.2 Tg C)
from the Mississippi River Basin to the Gulf of Mexico. A large quantity of carbon was also
released annually from the last 368 kilometers of the Mississippi into the atmosphere (i.e., 215
Gg C yr-1), demonstrating the importance of quantifying CO2 outgassing in the low reaches of
the world’s rivers. While DIC loads showed no increase compared to years past, stable isotopic
signatures of DIC revealed a substantially greater contribution of organic matter on the DIC pool
due to the elevated discharge and temperatures. As climate is expected to continue changing
across the 21st century, we argue that riverine carbon exports to coastal environments and into
the atmosphere will also increase considerably in the future.
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CHAPTER 3. DIEL VARIABILITY OF RIVER PCO2 AND CO2
OUTGASSING
3.1. Introduction
Outgassing of carbon dioxide (CO2) from rivers has been identified as a significant piece of
the carbon cycle (Cole et al., 2007; Butman & Raymond, 2011; Raymond et al., 2013). The
process has been attributed to an oversaturation of dissolved CO2 in the water column, resulting
in diffusion of CO2 into the atmosphere. The two primary inputs of CO2 into the water column of
large river systems are (1) in-situ respiration of organic material and (2) flushing of CO2
produced in soil pores from terrestrial and wetland environments via decomposition of organic
material and root respiration (Richey, 2003). The principal removal mechanism of aqueous CO2
is in-situ primary production, or photosynthesis (Richey, 2003). Many of the world’s largest
rivers are supersaturated in CO2 with respect to the atmosphere, resulting in a large flux of CO2
from the water surface (Richey et al., 2002; Butman & Raymond, 2011; Ran et al., 2015).
Current estimates of global CO2 flux from rivers to the atmosphere vary largely from 230 to
1800 Tg yr−1 (Cole et al., 2007; Raymond et al., 2013; Lauerwald et al., 2015), calculated using
partial pressure estimates of dissolved CO2 (pCO2), many of which are derived from low-time
resolution (i.e., weekly or monthly) measurements of river alkalinity, pH, and water temperature.
This method of pCO2 calculation has been scrutinized for its great degree of uncertainty in
temperate and tropical freshwaters due to the potential of significant contributions of organic
acids to total alkalinity and low pH systems greatly over-estimating calculations (Abril et al.,
2015). The higher range of outgassing estimates is much greater than global estimates for the
___________
This chapter was previously published as Reiman, J.H., Xu, Y.J. 2019. Diel variability of pCO2
and CO2 outgassing from the Lower Mississippi River: Implications for riverine CO2 outgassing
estimation. Water 11, 43. Water is an open access journal.
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export of dissolved organic (200–360 Tg yr−1) and inorganic carbon (381–410 Tg yr−1), as well
as particulate organic (180–240 Tg yr−1), and inorganic carbon (170 Tg yr−1) to the oceans
(Meybeck, 1982 and 1993; Aitkenhead and McDowell, 2000; Li et al., 2017). Variation in
estimates stem largely from differences in methods and data availability and resolution. One of
the pioneering attempts in calculating total CO2 outgassing from rivers by Cole and others (2007)
estimated 230 Tg yr−1 based on data from approximately 80 rivers. Several years later, Raymond
and others (2013) estimated an annual outgassing of 1800 Tg yr−1 from rivers, globally
incorporating data collected from all stream orders with little requirements of data resolution.
The most recent estimates by Lauerwald and others (2015) excluded first order stream
measurements and only included rivers with multiple samples collected across varying seasons,
resulting in a global average riverine pCO2 value 700 µatm less than Raymond et al. (i.e., 2400
vs. 3100 µatm) and an annual outgassing flux nearly one-third of the Raymond and others. Great
strides have been made to improve freshwater CO2 outgassing calculations and models through
refining gas transfer velocities and pCO2 calculations based on regional hydrologic, climate, and
atmospheric conditions. Yet, it is clear based on the large discrepancies in outgassing estimates
stemming from the difference in spatial and temporal data resolution, that the lack of high
resolution pCO2 data is a limiting factor on the accuracy of calculations.
Aquatic pCO2 can fluctuate both spatially and seasonally due to differences in land-use,
discharge, water temperatures, and rates of biological respiration and photosynthesis (Raymond
et al., 1997; Hélie et al., 2002; Zhang et al., 2014; Ran et al., 2017; Borges et al., 2018).
Furthermore, aquatic respiration and photosynthesis rates can vary greatly over the span of a day
due to a change in temperature and sunlight availability (Falkowski and Raven, 2007), resulting
in a significant variability of pCO2 in water bodies between night and day (Yates et al., 2007;
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Lynch et al., 2010; Yang et al., 2015). A few recent studies have highlighted the importance of
diel variation of pCO2 and CO2 evasion from lakes and reservoirs. In a study conducted in
Lochaber Lake in eastern Nova Scotia, Canada, Spafford and Risk (2018) found that 65%–95%
of the total CO2 release in a 24-hour period occurred during the nocturnal period. From another
reservoir study in Central Mississippi, USA, Liu et al. (2016) reported that CO2 efﬂuxes at night
were about 70% higher than those during the day. To date, this phenomenon has not been
documented in a large, biologically productive river system. If the former theory is true for large
rivers, it could have serious implications on the accuracy of calculating carbon budgets in
freshwater systems, which are mostly based on low time-resolution measurements gathered
during daylight hours.
In this study, we monitored hourly fluctuations of pCO2 in the surface water of the Lower
Mississippi River and calculated hourly CO2 outgassing over four 24-hour periods in May and
August 2018. The primary goal of this study was to identify whether a diel shift in pCO2 driven
by solar radiation during the day results in significantly different pCO2 and CO2 outgassing rates
between daylight and darkness hours. The specific objectives of the study included (1) analyzing
diel variability of pCO2 in the Lower Mississippi River; (2) estimating diel CO2 outgassing with
field measurements of pCO2; and (3) identifying environmental factors most influencing any
notable diel variation. By achieving these objectives, we tested the hypothesis that riverine pCO2
will decrease over the span of daylight, likely due to a diel increase in photosynthesis driven by
daytime surges in solar radiation and temperature. Likewise, riverine pCO2 should increase from
sunset to dawn due to a net CO2 input from river water respiration. This diel fluctuation of
riverine pCO2 should cause a distinct daily cycle of riverine CO2 outgassing, resulting in
significantly higher outgassing rates during darkness hours.
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3.2. Materials and methods
This study was conducted in the Lower Mississippi River at Baton Rouge, Louisiana,
USA (30°26'16.6" N, 91°11'31.6 W, Fig. 3.1), approximately 369 river km upstream of the
river’s outlet to the Gulf of Mexico. The Mississippi is the largest river in North America,
draining 3.2 million km2 of land and discharging approximately 680 km3 of freshwater into the
Gulf annually, in combination with the Atchafalaya River (Xu and DelDuco, 2017). Due to the
vast drainage size and diverse land use, the Mississippi River carries dissolved inorganic and
organic carbon (DIC and DOC) from various sources, with an average DIC and DOC loading
rate of 12.6 Tg yr−1 and 4.1 Tg yr−1, respectively, at Baton Rouge during the past three years
(Reiman and Xu, 2018). DIC loads over recent years are very similar to those reported in the
Mississippi River at this location approximately one decade ago (Cai et al., 2015), however,
recent DOC loads are nearly double some past estimates (Bianchi et al., 2007; Dubois et al.,
2010; Ren et al., 2016). The large load of diverse organic materials (Shen et al., 2012) and
nutrients (BryantMason et al., 2013) provide the resources necessary for in-situ respiration, or
production of CO2. The river reach in our study area is approximately 750 m wide by 15 m deep,
depending on the river stage, with a minimal slope (USACE, 2013), providing a slow-moving
environment conducive of in-situ biological processing. The climate in southcentral Louisiana is
considered subtropical, characterized by short, mild winters paired with humid, hot summer
months. Based on these meteorological, physical, and biogeochemical characteristics of the river
at our study site, we believe this portion of the river is biologically productive, especially as
Dodds and others (2013) found high rates of both in-situ photosynthesis and respiration in the
river approximately 40 km downstream of our study site. We are only aware of one previous
study (Dubois et al., 2010) analyzing calculated pCO2 and CO2 outgassing values in the Lower
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Mississippi River, which suggested that the river was regularly super-saturated in pCO2 with
respect to the atmosphere due to a combination of in-situ and terrestrial respiration of organic
material. Two other studies (Green et al., 2006; Guo et al., 2012) have reported a significant
amount of carbon processing in the Lower Mississippi River’s coastal plume near the river’s
mouth to the Gulf of Mexico.

Figure 3.1. Mississippi River Basin with a vast drainage area of 3.2 million km2 and the locations
of the sampling site and U.S. Geological Survey gauge station (USGS #07374000).
In May and August 2018, we conducted in-situ measurements at 3-hour intervals over a span
of 24 hours starting at 6:00 U.S. Central Standard Time (CST) in the U.S. and ending on 6:00
CST the following day for two days in spring (11–12 May and 17–18 May) and two days in
summer (13–14 August and 15–16 August). The field schedule was designed to capture high and
low flow conditions as well as two different water temperature regimes, which typically occur in
the Mississippi River during spring and summer months. During each field trip, in-situ
measurements of partial pressure of carbon dioxide (pCO2) (C-SenseTM pCO2 sensor, Turner
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Designs, San Jose, CA, USA), water temperature, dissolved oxygen (YSI 556 multi-probe meter,
YSI Inc., Yellow, Springs, OH, USA), pH (Orion Star A221, Thermo Scientific, Beverly, MA,
USA), and turbidity (T100, Oakton Instruments, Vernon Hills, IL, USA) were collected. The CSenseTM measures pCO2 in-stream by gas diffusion across a hydrophobic membrane into an
isolated headspace chamber, where the wavelength of pCO2 is absorbed using infrared sensors.
The sensor was calibrated at 20 °C at average sea-level atmospheric pressure less than six
months prior to the field campaign using a manufacturer developed equation to convert sensor
voltage output (V) to gaseous CO2 concentration (ppm). All pCO2 data are temperature corrected
in real time, with a measurement range of 0–10,000 µatm and 3% full scale accuracy. Both the
C-Sense and YSI sensors equilibrated for 15 minutes and recorded for approximately 20 minutes
during each sample, with the C-Sense collecting data every 30 seconds and the YSI every 5
seconds. Relevant atmospheric parameters, including hourly solar radiation, atmospheric
temperature, and wind speed, were collected from the Louisiana State University Agricultural
Center Ben Hur Research Station in Baton Rouge, LA (30°21’52” N, 91°10’02” W), located
approximately 7 km southeast from the river sampling site. Solar radiation at Ben Hur Station is
measured at the 400–1100 nm waveband interval using a LI200R-L pyranometer (Campbell
Scientific, Logan, UT, USA). Hourly river discharge records of the Mississippi River at Baton
Rouge were downloaded from the U.S. Geological Survey’s gauging station, #07374000. These
data built a foundation of ambient conditions for our pCO2 and CO2 outgassing analyses.
The flux of CO2, or outgassing, between surface water and atmosphere (FCO2 in mmol CO2
m−2 hr−1) was calculated utilizing the following equation developed by Cai and Wang (1998):
FCO2 = KTKH(pCO2water – pCO2air),
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(3.1)

where KT is the gas transfer velocity (m d−1), KH is a solubility constant (mol L−1 atm−1),
pCO2water is the partial pressure of dissolved CO2 in the water column (µatm), and pCO2air is the
partial pressure of atmospheric CO2 (µatm), which was fixed as 400 µatm (NOAA, 2018) for the
study period. It is well understood that atmospheric CO2 can demonstrate diel variation on
terrestrial land, yet the pattern of this variation can vary between and even within land-uses
(Ward et al., 2015; Imasu et al., 2018). The nearest FLUXNET eddy covariance tower with
atmospheric CO2 data is located several hundred kilometers from the study site and does not
have data available for the study period. While using a fixed value does not account for any
potential diel variation in atmospheric CO2, applying diel variation found in an environment very
different and far from the study area to our study area would introduce great uncertainty to the
outgassing analysis. Additionally, a fixed atmospheric value is a widely-used method that
reduces these assumptions and increases the ability to reproduce similar studies in the future,
though the limitations of a fixed value should not be overlooked when considering the
conclusions of this study. We selected a KT value of 4.3 m d−1, which is a rate lower than the
global average of 5.7 m d−1 (Raymond et al., 2013); however, this has been reported as being
more representative of large low-land rivers (Alin et al., 2011; Raymond et al., 2013). The
solubility constant (KH) was calculated using the following equation by Weiss (1974):
lnKH = A1 + A2(

100

100

T

T

) + A3ln(

T

T

)+ S[B1 + B2(100) + B3(100)2 ]

(3.2)

where A1 = −58.0931, A2 = 90.5069, A3 = 22.2940, B1 = 0.027766, B2 = −0.025888, B3 =
0.0050578, T is the absolute temperature of water in Kelvin, and S is the salinity. The study area
is classified as a freshwater system; therefore, an S of 0 was used for calculating KH. Daily CO2
outgassing (mmol m−2 d−1) was calculated for each 24-hour period using two difference methods.
The first extrapolated the hourly flux rate at the 15:00 CST sample over the entire 24-hour
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period. The second used linear interpolation to estimate hourly flux rates between 3-hour sample
intervals and then summed all hourly fluxes over the 24-hour period.
Statistical analysis was conducted using SAS 9.2 software. Student’s unpaired t-test was
used to compare differences of means between seasons, samples within seasons, and samples
experiencing solar radiation to those not. Only solar radiation readings during daylight hours
were used to compare solar radiation between seasons and samples dates. Pearson correlation
coefficients were calculated as a simple analysis of the relationships between pCO2, ambient
water parameters, and atmospheric parameters. An α of 0.05 was used for all statistical analysis.
3.3. Results
3.3.1. Hourly river discharge, water conditions, and atmospheric measurements
During the study period, discharge in the Mississippi River at Baton Rouge (USGS
#0774000) was three times greater in May (24,530 std. ± 1996 m3 s−1) than in August (8912 ± 57
m3 s−1), which is representative of the typical long-term hydrograph of the river. Gathering
samples over such a wide range of flow conditions allowed us to compare diel pCO2 dynamics
under high and low flow regimes. In spring, river discharge marginally decreased over the diel
period (Fig. 3.2a). In summer river discharge remained constant over the 24-hour samples.
The magnitude of some ambient water parameters varied greatly between the seasons,
however, diel variability was consistent between spring and summer. Water temperature was
nearly 8 °C warmer in summer than spring, averaging 29.3 (± 0.4) and 21.4 °C (± 1.5),
respectively. The pattern and degree of variability in water temperature was similar between all
samples, with temperatures rising during daylight hours until 15:00 CST, gradually decreasing
over the remainder of daylight, then remaining constant over evening hours (Fig. 3.2b). Water
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Figure 3.2. Diel variation of river discharge (a), water temperature (b), pH (c), dissolved oxygen
(d), turbidity (e), atmospheric temperature (f), solar radiation (g), and wind speed (h) during the
study period. Hollow data points represent samples collected during daylight hours (i.e., solar
radiation >0.00 kW m−2). The daily hours are Central Standard Time of the United States.
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temperatures on average varied by 0.9 °C (± 0.1) over the 24-hour periods, but demonstrated no
significant difference between daylight and darkness hours. pH was also higher in summer than
spring, averaging 7.75 (± 0.03) in spring and 8.25 (± 0.04) in summer. Diel variation in pH was
similar to water temperature, with maximum measurements at 15:00 CST and lowest
measurements during darkness hours (Fig. 3.2c). pH varied on average by 0.09 (± 0.01),
resulting in measurements during daylight being significantly higher than during darkness (p <
0.0001). DO averaged 8.64 (± 1.11) in spring and 8.41 mg L−1 (± 1.25) in summer. The diel
variability of DO was greater in summer, however, no clear diel pattern could be discerned
(Figure 2d). Water turbidity was slightly higher in spring than summer, averaging 37 (± 6) and
24 NTUs (± 14), respectively. During the majority of sample periods, turbidity was highest
during daylight hours (Fig. 3.2e), likely due to daytime boat traffic in the river.
Meteorological parameters showed a minimal difference between spring and summer, but
similar diel patterns between seasons. Air temperature averaged 25.7 °C (± 4.8) in spring and
26.9 ± 4.3 °C in summer. Diel variation in air temperature was consistent between samples,
rising from sunrise until 15:00, where it then gradually decreased through to 6:00 the following
day (Fig. 3.2f). This distinct diel pattern resulted in an average diel temperature range of 11.3 °C
(± 0.8) and air temperatures significantly (p < 0.0001) greater by 7.2 °C (± 2.7) during daylight
hours. Solar radiation did not vary between seasons, averaging 0.23 kW m−2 (± 0.09) in spring
and 0.24 kW m−2 (± 0.13) in summer. During all sample days, solar radiation rose until 12:00 or
15:00 then decreased to 0 kW m−2 by 21:00 (Fig. 3.2g). Maximum solar radiation readings
ranged between 0.27–0.38 kW m−2. Average wind speed was the only atmospheric parameter to
reflect a large difference between seasons, with wind speeds on average two times higher in
spring than summer (9.5 ± 6.2 vs. 4.6 ± 4.6 km hr−1). Wind speed in spring demonstrated a
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noticeable diel trend similar to solar radiation’s diel curve, however, wind speed in summer
slowly increased until 18:00 followed by a sharp decrease in the evening (Fig. 3.2h). As a result,
wind speed during daylight hours was significantly (p < 0.0001) higher than during hours of
darkness.
3.3.2. Diel pCO2 measurements
Mean pCO2 during the study period was 1514 µatm (± 652), with all samples measuring
greater than atmospheric CO2 pressure (400 µatm). Spring pCO2 measurements were
significantly (p < 0.0001) higher than summer measurements, averaging 2140 (± 179) and 888
µatm (± 124), respectively. There was no difference of means between summer measurements;
however, mean pCO2 was significantly (p = 0.0105) higher on 17 May than on 11 May (2246 ±
75 and 2033 ± 192 µatm, respectively). During all sample events, pCO2 measurements were
highest at 6:00 and lowest at 15:00 or 18:00 (Fig. 3.3a and b). A diel trend was clear during all
sample trips, with pCO2 decreasing from 6:00 to 15:00 and gradually increasing from 15:00 to
6:00 the following day (Table 3.1).
In spring, pCO2 levels dropped 9%–18% from 6:00 to 15:00 and proceeded to rise 9%–35%
from 15:00 to 6:00 the following morning, demonstrating a diel range of 206–607 µatm. The 17
May sample did not demonstrate as linear of a rise in pCO2 in the evening hours as 11 May. The
diel pattern was much more drastic in summer, dropping 33% from early morning to late
afternoon and rising 35%–55% until the following morning, resulting in a diel range between
344–377 µatm. On the morning of 13 August, pCO2 dropped until 12:00, rather than 15:00, and
remained at a fairly consistent level until the 21:00 sample, resulting in not as strong of fit in our
model (Table 3.1). This diel pattern resulted in summer pCO2 measurements 25% (std. ± 10%)
greater during darkness hours than daylight hours (Fig. 3.4a). Spring darkness pCO2
measurements were on average 7% (± 8%) greater than daylight measurements. These results
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partially affirm our hypothesis that pCO2 is noticeably lower during daylight hours due to a diel
pattern.

Figure 3.3. Daily variation in pCO2 (a,b) and CO2 flux (c,d) in the Lower Mississippi River
during spring (a,c) and fall (b,d). Data points in (a) and (b) represent the mean pCO2 value and
error bars represent the standard deviation of the respective samples. The hollow data points
represent samples collected during daylight hours (i.e., solar radiation > 0.00 kW m−2). The daily
hours are Central Standard Time of the United States.
Table 3.1. Linear regressions of pCO2 and CO2 flux (mmol m−2 hr−1) with hourly time steps (H)
for 6:00 to 15:00 (Morning) and for 15:00 to 6:00 the following day (Evening). For example,
“6:00” corresponds to “6” in the model. For 0:00, 3:00, and 6:00 the following day, the values
24, 27, and 30 were used. Statistical significance level α = 0.05.
Date
11 May
17 May
13 Aug
15 Aug
11 May
17 May
13 Aug
15 Aug

Morning
pCO2 = −42.14H + 2421
pCO2 = −21.99H + 2479
pCO2 = −38.54H + 1254
pCO2 = −37.78H + 1250
FCO2 = −0.3285H + 14.58
FCO2 = −0.1767H + 13.78
FCO2 = −0.2178H + 4.743
FCO2 = −0.2113H + 4.668

R2 (p-value)
0.95 (0.0009)
0.98 (0.0081)
0.86 (0.0709)
0.99 (0.0033)
0.97 (0.0010)
0.99 (0.0016)
0.86 (0.0700)
0.99 (0.0037)
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Evening
pCO2 = 39.67H + 1130
pCO2 = 9.016H + 2025
pCO2 = 16.93H + 467.0
pCO2 = 24.96H + 357.1
FCO2 = 0.2859H + 4.923
FCO2 = 0.06883H + 10.22
FCO2 = 0.09467H + 0.3138
FCO2 = 0.1379H − 0.2888

R2 (p-value)
0.90 (0.0036)
0.40 (0.1782)
0.86 (0.0081)
0.93 (0.0018)
0.91 (0.0028)
0.45 (0.1434)
0.86 (0.0077)
0.93 (0.0018)

Figure 3.4. Mean pCO2 (a) and CO2 (b) outgassing rates during darkness and daylight hours by
season. Bar pairs with different letters above them represent a significant difference between
populations at α = 0.05. Error bars represent standard deviations.
3.3.3. CO2 outgassing estimates
Estimated rates of CO2 outgassing averaged 7.2 mmol m−2 hr−1 (± 4.7) during the study
period. Outgassing rates were significantly (p < 0.0001) higher in the spring than summer,
averaging 11.7 (± 1.1) and 2.7 (± 0.7) mmol m−2 hr−1, respectively. There was no significant
difference in CO2 outgassing between samples in the same season. Similar to pCO2, diel
variability in CO2 outgassing reflected a clear trend in both seasons (Fig. 3.3c and d), decreasing
from 6:00 to 15:00 and gradually increasing from 15:00 to 6:00 the following day (Table 3.1). In
spring, outgassing rates gradually decreased by 13%–24% from 6:00 to 15:00, followed by an
increase of 12%–46% until 6:00 the following day. Spring rates ranged by 1.5–4.4 mmol m−2
hr−1 over a 24-hour period. Much sharper diel increases and decreases occurred in the summer
samples. CO2 outgassing rates decreased by 54% from 6:00 to 12:00 on 13 August and by 55%
from 6:00 to 15:00 on 15 August. Summer afternoon outgassing rates increased by 65%–82%
(1.4–2.1 mmol m−2 hr−1) from their respective minimums until 6:00 the following morning. This
trend resulted in a summer diel range of 1.9–2.2 mmol m−2 hr−1. Consequently, CO2 outgassing
rates during hours of darkness were significantly (p < 0.0001) greater than daylight in both
seasons (Figure 4b). Spring outgassing rates during darkness were on average 10% (std. ± 8%)
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higher than during daylight hours, while darkness rates in summer were on average 25% (± 10%)
greater. Calculating daily outgassing (mmol m−2 d−1) for sample days using linear interpolation
between the 3-hour intervals, rather than extrapolating the 15:00 measurement across the entire
24-hour period, resulted in significantly higher daily outgassing rates in a paired t-test (p =
0.0261), ranging between 15.3 and 43.6 (mean 26.2, std. ± 12.7 mmol m−2 d−1) higher than the
single measurement calculation (Fig. 3.5). These results strongly support our initial hypothesis.

Figure 3.5. Comparison of daily outgassing calculations. “15:00” data represents extrapolating
CO2 flux rates at 15:00 CST over the 24-hour period. “Linear Interpolation” data represents daily
flux calculated by linear interpolation between 3-hour intervals.
3.4. Discussion
3.4.1. Seasonal pCO2 differences
The difference in riverine pCO2 between seasons can likely be explained by comparing the
difference in ambient water and atmospheric parameters between seasons and analyzing their
relationships with pCO2. pCO2 demonstrated positive correlations with river discharge and
turbidity and inverse relationships with water temperature and pH (Table 3.2).
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Table 3.2. Pearson correlation coefficients among pCO2, water temperature (Tw), dissolved
oxygen (DO), pH, turbidity (N), atmospheric temperature (Ta), wind speed (u), solar radiation
(SR), and river discharge (Q). Only significant correlations at α = 0.05 are shown

pCO2
Tw
DO
pH
N
Ta
u
SR
Q

pCO2
1.00

Tw
−0.92
1.00

DO
1.00

pH
−0.98
0.96
1.00

N
0.46
−0.46
−0.47
1.00

Ta
1.00

u
0.48
0.63
1.00

SR
0.76
0.86
0.60
1.00

Q
0.93
−0.99
−0.97
0.49
0.40
1.00

We postulate the difference in pCO2 between seasons is primarily driven by two processes
regulated by river discharge. First, the dissolution of soil pore-water CO2 during the spring highflow period caused higher pCO2 levels in spring than summer. As soils become wetted and their
temperatures begin to rise in spring months, conditions become more favorable for CO2
producing microbial processes as found by Hope et al (2004) resulting in soil pCO2
concentrations generally much greater than atmospheric pCO2 (Finlay, 2003). The flushing of
soil pCO2 into rivers via baseflow and interflow has been documented by Richey et al. (2003) as
a significant piece of the riverine CO2 cycle. Second, the respiration of organic material
delivered to the river during the spring high-flow period likely resulted in higher pCO2 values.
Organic carbon concentrations and community respiration are strongly correlated with discharge
in the Mississippi River, which in-turn correlate with the greater production of pCO2 and greater
net heterotrophy in spring (Dodds et al., 2013; Cai et al., 2015). Despite a slower river flow
velocity, greater water temperatures, and lower turbidity in summer providing an environment
more conducive of biological processing (Barth and Veizer, 1999), the lack of organic inputs
associated with lower discharge likely limited pCO2 production, resulting in a greater net
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removal of pCO2. This phenomenon is reflected in significantly higher pH in the river during the
summer and the inverse relationship between pCO2 and river pH (Table 3.2).
3.4.2. Biological processes influence diel pCO2 variation
This is the first study to document significant diel variation of riverine pCO2 and CO2
outgassing utilizing actual in-stream measurements in the Lower Mississippi River. These
findings are in coincidence with studies that have found a similar pattern of a reduction of
atmospheric CO2 over large water bodies during daylight hours (Vesala et al., 2006; Vale et al.,
2018) This variation is apparently driven by autotrophic processes, resulting in an increase in net
ecosystem production (NEP = gross primary production (GPP) − community respiration (CR))
(Mulholland et al., 2001) over daylight hours. During all samples across both seasons, pCO2
values were highest during the dark, early morning hours and lowest between 15–18:00 CST,
following the peak of daylight (Fig. 3.3a and b). The large variation suggests a diel change in the
balance of processes producing and removing pCO2 in the water column. Reduction in pCO2
over daylight corresponded with a diel increase in water temperature and solar radiation (Fig.
3.2b and g), both of which have shown to increase aquatic metabolism (Bott et al., 2006). The
decrease in pCO2 also paired with an increase in pH over daylight hours (Fig. 3.2c). This
relationship suggests a diel increase in photosynthesis may be driving the decrease in pCO2 as insitu photosynthesis would drive up pH values. Our in-stream measurements confirm results of a
past study of diel pCO2 dynamics and stream metabolism in two acidic lower-order peatland
streams by Dawson et al. (2001), which found lowest pCO2 levels during early afternoon hours,
highest values in the early morning, and a diel increase in NEP, especially during warmer
months. In a separate study of aquatic metabolism, Mulholland and others (2001) also
documented a diel increase in NEP in many of the streams studied due to a daily increase in
GPP, but fairly consistent CR rates. The authors concluded the shift in NEP was driven primarily
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by solar radiation rather than water temperature. We hypothesize that the diel variation in pCO2
in the Mississippi River can be explained by a similar shift in NEP, likely controlled by solar
radiation driving up photosynthesis rates, as recent studies in the Mississippi and Chattahoochee
Rivers have found that water temperature is not a strong predictor of GPP in either river (Dodds
et al., 2013). Even though pCO2 values were significantly lower during daylight hours in this
study, water temperature showed minimal difference between daylight and darkness, suggesting
that a minor shift in water temperature is not the main driver of diel variability.
The diel decrease in pCO2 was in coincidence with a diel increase in average wind speed
during all sample events (Fig. 3.2h). Some studies (Raymond et al., 1997; Alin et al., 2011)
found that an increase in wind speed can speed up the rate of pCO2 lost to the atmosphere,
especially in large bodies of water, by directly increasing the gas transfer velocity of CO2. Wind
can increase gas transfer velocity due mainly to creating surface water turbulence in stagnant
water (Jähne et al., 1987), which may, however, not be relevant for a large flowing river like the
Mississippi River, that consistently experiences water turbulence. Also, if wind were the main
factor driving variation, we would have anticipated a larger diel decrease in pCO2 on days when
wind speeds were greatest. Yet, we found the lowest variation in pCO2 on 17 May when the
average wind speed was highest (see the low β1 values in Table 3.1). Based on the findings by
Schubert and Forster (1997) and Helbling et al. (2015), an increase in wind speed could also
increase the velocity of water column mixing, indirectly inhibiting photosynthesis in primary
producers near the surface of the water column. Based on these findings, it is unclear whether
wind speed has a significant influence on diel pCO2 variability.
Diel fixation of CO2 by aquatic plants is another potential removal mechanism in the water
column, especially in CO2 saturated waters (Sand-Jensen et al., 1992). Rich and others (2013)
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studied photosynthesis of submerged aquatic vegetation at the diel scale in a pond and found that
water column oxygen production and pH increased with solar radiation, while water column
pCO2 decreased. Additional past studies have found light availability as one of the most
important factors limiting daily aquatic plant photosynthesis (Krause-Jensen & Sand-Jensen,
1998; Pedersen et al., 2013), suggesting potential for a diel CO2 cycling due to photosynthesis.
However, the levees of the Lower Mississippi through the study area are heavily industrialized
and the river channel is regularly dredged for large freight ships, highly limiting the growth of
natural vegetation. As a result, diel photosynthesis of aquatic plants is likely not a primary
contributor to the diel CO2 cycling in the water-column found in this study, however, this
process could have a significant impact in vegetation rich streams.
3.4.3. Implications for carbon outgassing estimates and future research needs
This study found CO2 outgassing rates significantly lower during daylight hours in spring
and summer, resulting in a large underestimation of daily outgassing rates under varying flow
and temperature regimes. As GPP is generally highest in the Mississippi River in autumn and
winter months (Dodds et al., 2013), we would anticipate a similar diel trend throughout these
seasons. Though diel variation may not be as drastic in autumn and winter due to lower
temperatures, shorter day-light lengths, and potential nutrient limitations (Turner et al., 2007).
These findings raise questions about the current global estimation of CO2 outgassed from rivers.
Assuming a 34% under-estimation of a total flux of 650 Tg C yr−1, as recently calculated by
Lauerwald and others (2015), would result in an under-estimation of 221 Tg C outgassed from
streams and rivers to the atmosphere, annually. However, it should be noted that many large
tropical rivers that contribute significantly to fresh-water CO2 emissions (Borges et al., 2015a
and b) may not experience this large of a diel cycle due to limited light attenuation and low
nutrient levels limiting GPP (Townsend et al., 2011; Descy et al., 2017) limiting the applications
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of this analysis. Nonetheless, several major world rivers have biogeochemical trends similar to
the Mississippi River and diel variability may be even higher in other rivers depending on
climate, nutrient, and organic matter availability, and varying day-night length ratios across
geographic regions. Therefore, we argue that future high-resolution sampling studies analyzing
diel pCO2 and CO2 outgassing dynamics in rivers at differing orders and varying latitudes would
be beneficial for constraining the relationship between diel variability and the former
environmental factors. Ideally, these relationships could be used to develop a collective daynight pCO2 curve that could be used to incorporate diel variability in global CO2 outgassing
estimations.
3.5. Conclusions
This study monitored in-stream pCO2 and ambient water and weather conditions in spring
and summer of 2018 in the Lower Mississippi River under varying river discharge and
temperature regimes. Based on the field measurements at 3-hour intervals, hourly CO2
outgassing rates for this 10th-order, large river system were estimated. The ultimate goal of the
study was to assess the diel riverine pCO2 cycle and its influence on CO2 outgassing calculations.
To our best knowledge, this is the first field assessment on diel pCO2 and CO2 emissions from a
large river, and the findings may have important implications for constraining the uncertainty of
river CO2 outgassing estimates. Seasonally, we found significantly higher pCO2 values and CO2
outgassing rates in spring than in summer, likely due to the higher input of carbon sources from
river discharge. On a daily basis in the two seasons, both riverine pCO2 and CO2 outgassing
showed a distinct diel cycle, with levels decreasing from sunrise to peak daylight hours, followed
by a gradual increase during hours of darkness. pCO2 measurements varied by 206–607 µatm
over 24-hour periods with significantly lower pCO2 values during daylight hours in summer.
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CO2 flux rates ranged by 1.5–4.4 mmol m−2 hr−1 over the 24-hour periods, with outgassing rates
significantly lower during daylight hours in both seasons. Incorporating diel variation in daily
CO2 outgassing calculations resulted in outgassing rates 26.2 mmol m−2 d−1 (± std. 12.7) greater
than calculations using a single daily pCO2 measurement. Diel decreases in pCO2 corresponded
closely with increasing solar radiation and pH, suggesting strong autotrophic processes
regulating CO2 levels in this large river system as we initially hypothesized. As many outgassing
calculations are based on low-resolution samples collected during daylight hours, we postulate
that many river CO2 emission estimates are likely underestimated. In order to constrain this
uncertainty, future research utilizing high resolution pCO2 measurements in streams spanning
differing orders, geographic regions, and biological communities is needed.
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CHAPTER 4. METALS GEOCHEMISTRY AND MASS EXPORT
4.1. Introduction
Rivers play an essential role in the biogeochemical cycle of both major and trace
elements, functioning primarily as a facilitator in the transport of elements, in both dissolved and
particulate form, from terrestrial land to the ocean. While biologic (Cawley et al., 1969; Drever,
1994) and anthropogenic activities (Peters, 1984; Roy et al., 1999) such as agriculture, mining,
industry, and urbanized runoff, have been documented to affect river chemistry, it is continued
weathering of rocks that accounts for the vast majority of solutes and particulate matter
transported via rivers to the world's oceans (Martin and Meybeck, 1979; Roy et al., 1999).
Several solutes carried via rivers are the foundation of aquatic life, assisting in primary
production (N, P, Fe) and structural development of organisms (Ca, Mg, Si), while certain heavy
metals can adversely impact environmental (Naimo, 1995; Jezierska et al., 2009) and human
health (Tchounwou et al., 2012). Understanding the chemistry, geologic weathering, and loading
of metals from the world's large river systems is especially important as they discharge an
overwhelmingly large quantity of freshwater to the estuaries and oceans, which are home to
unique coastal and marine ecosystems, essential to local, national, and global economies (FAO,
2014; NOEP, 2016), and are embedded in many world cultures.
The Mississippi-Atchafalaya River System (MARS) contributes over 80% of the total
freshwater discharge to the Northern Gulf of Mexico (Dunn, 1996), delivering large amounts of
sediment and solutes to Louisiana's coast (Shiller and Boyle, 1991; Xu, 2010; Allison and Pratt,
___________
This chapter was previously published as Reiman, J.H., Xu, Y.J., He, S., & DelDuco, E.M. 2018.
Metals geochemistry and mass export from the Mississippi-Atchafalaya River system to the
Northern Gulf of Mexico, Chemosphere, 205, 559-569. It is reprinted here by permission of
Elsevier.
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2017). Based on a study of suspended sediments in the world's largest rivers, Canfield (1997)
found that particulates in the Mississippi were depleted in Ca, Mg, Na, and, K and enriched in
Al, Fe, and Mn, with respect to their crustal averages, suggesting that the Mississippi River
transports highly weathered sediments. Additional suspended sediment work by Piper and others
(2006) documented Fe-Mn oxyhydrides in the Mississippi River, which are highly capable of
binding As, Cd, Co, Cr, Cu, Pb, V and Zn. Studies on Mississippi River delta sediments have
documented elevated Ba, Cu, Pb, and V concentrations, potentially due to anthropogenic inputs
(Trefry and Shokes, 1981; Swarzenski et al., 2006). Dissolved trace metal concentrations in the
lower Mississippi have been documented below levels of concern and are believed to have not
changed much over the late 20th century (Shiller, 1997; Bussan et al., 2017), but many metals
have demonstrated seasonal variation (Joung and Shiller, 2016). However, there has not been a
comprehensive study on metals transport in the Mississippi River in well over a decade.
To date, studies of metals in the Mississippi River's largest distributary, the Atchafalaya
River, have focused primarily in the coastal mixing zone of the Gulf of Mexico, with one study
collecting samples of metal colloids at one site on the Atchafalaya's main channel (Stople et al.,
2010). A nearly thirty-year old study by Pardue and others (1988) documented increasing
concentrations of Pb, Cd, Cr, Ni, Zn in the Atchafalaya's Wax Lake delta sediments, while a
recent study by Delaune and others (2016) concluded that trace metals concentrations in the delta
have remained steady over the past 3000 years. Delaune's study also concluded that levels of
As in the Atchafalaya's delta could potentially pose a threat to coastal organisms. The
Atchafalaya Bay area is the only piece of coastal Louisiana that has been gaining land over the
past three decades (Rosen and Xu, 2013) and is projected to continue growing; therefore,
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knowledge of mass transport of trace metals in the Atchafalaya is much needed to ensure the
future safety of Louisiana's coast.
In the lower portion of the Atchafalaya River's drainage basin is the United States largest
contiguous freshwater wetland ecosystem created by the river's vast, largely uninhabited,
hydrologically connected floodplain network. (Allen et al., 2008; Ford and Nyman, 2011).
Although extensive research has concluded that wetlands can remove significant amounts of
metals from the water column through physical, biological, chemical, and biochemical processes
(Matagi et al., 1998; Du Laing et al., 2009), it is unknown if this large river swamp functions as a
sink for metals. The primary physical metal removal process in wetlands is sedimentation, which
occurs due to lower velocity of water flowing through a wetland complex, allowing for
suspended particles in the water column to settle out as sediments. Sorption, or the bonding of
metals in the dissolved phase to clay or particulate organic matter, is also an important removal
mechanism in wetlands dependent on several physical and biochemical factors (Alloway, 1992;
Li et al., 2015). For heavy metals, such as Pb, Cu, and Zn, more than 50% can be adsorbed to
wetland sediments, thus removing the metal from the water column (Muller, 1988). Biological
removal of metals in wetlands occurs due to a combination of biologic uptake, complexation, and
adsorption of metals to wetland vegetation and micro-organisms (Moore and Romanatory, 1984;
Denny, 1987; Matagi et al., 1998; Muñoz and Guieysse, 2006). Many of these metal removal
processes may be occurring in the lower Atchafalaya River Basin's extensive wetland network,
which could greatly improve the quality of water delivered to Louisiana's coastline.
No coastal state has been experiencing the effects of global climate change more than
Louisiana. On top of catastrophic flooding and a consistent threat of salt water intrusion,
Louisiana currently loses around 75 km2 of wetlands annually due to a combination of land
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subsidence, coastal erosion, sea level rise, and coastal storms (USGS). The 2017 Louisiana
Comprehensive Master Plan for a Sustainable Coast developed by the Coastal Protection and
Restoration Authority of Louisiana (CPRA, 2017) identifies projects designed to build and
maintain land and reduce flood risk to citizens and communities, while providing habitats to
support healthy ecosystems. The growing Atchafalaya Deltas have been used as a model for
expected coastal wetland restoration projects using diversions of the Mississippi-Atchafalaya
River water and sediment. However, there is serious concern over the quality of water diverted to
Louisiana's coasts from the rivers that could be potentially harmful to the estuarine and coastal
ecosystems. Heavy metals, for example, have been shown to be toxic to various species
of waterfowl (Zhang and Ma, 2011), fish (Bols et al., 2001), and wetland plants (Ye et al., 1997;
Zayed et al., 1997; Kamal et al., 2004), all of which are abundantly distributed along Louisiana's
coast. Hence, understanding the metal dynamics in the Mississippi-Atchafalaya River System
has great implications on the effectiveness of these sediment diversion projects.
With the questions and concerns aforementioned, we conducted an intensive monitoring
study on total recoverable metal concentrations and mass transport in the Mississippi and
Atchafalaya Rivers from 2013 through 2016. The primary goal of this study was to fill a
knowledge gap that has crucial implications for environmental health of water and sediment in
the Northern Gulf of Mexico, a region that contributes a significant portion of the total
US fisheries. By utilizing data collected from nearly one hundred monthly water samples, we
analyzed differences in metal concentrations between the Mississippi and Atchafalaya Rivers
and the delivery of metals from North America's largest river system to the Gulf. We have also
investigated potential effects of river corridor wetlands on metal transport, testing the hypothesis
that the Atchafalaya River's connectivity with corridor wetlands reduces downstream loading of
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metals due to settling of metals found in particulate form and sorption/complexation of metals
with inorganic sediments and organic material in river's floodplain.
4.2. Materials and methods
4.2.1. Study area
Riverine samples analyzed in this study were collected at two sites on the Mississippi
River and three sites on the Atchafalaya River (Fig. 4.1). The MARS is located in south central
Louisiana and is comprised of the lower Mississippi River Basin and the entire Atchafalaya
River Basin, the Mississippi's largest distributary. The Atchafalaya River forms near
Simmesport, Louisiana at the convergence of the entire discharge of the Red River, flowing
southeast from Texas, and approximately 25% of the discharge of the Mississippi River diverted
laterally west through a complex hydraulic facility, the Old River Control Structure
(31°04’03”50 N, 91°35’05”20 W). The Atchafalaya flows southwards, entering the Northern
Gulf of Mexico though two outlets, Wax Lake Outlet (29°41’05”50 N, 91°22’02”40 W) and
Morgan City (29°41’03”50 N, 91°12’04”30 W). Together, the Mississippi and Atchafalaya
Rivers. contribute over 80% of the United States freshwater discharge to the Northern Gulf of
Mexico (Dunn, 1996).
While the Mississippi River's Old River diversion generally contributes the majority of
the flow in the Atchafalaya River, these two basins have several differing environmental
influences. First, the Red River can contribute up to 85% of the flow into the Atchafalaya River
at certain times of year (Xu and DelDuco, 2017), which is important to consider because the Red
River drains a basin with much different geology, soils, and land use than the Mississippi River's
basin. Additionally, land cover within the Atchafalaya River Basin consists primarily of
bottomland hardwood swamps compared to the agriculture dominated Mississippi River Basin.

59

Figure 4.1. The Mississippi-Atchafalaya River System in South Louisiana and the five water
sampling sites with their corresponding river discharge gauge stations maintained by the U.S.
Army Corps of Engineers (USACE) and U.S. Geological Survey (USGS).
Differences in hydrology also greatly set these two river systems apart. While the lower
reaches of the Mississippi River and approximately the first 110 km of the Atchafalaya River's
channel are also confined by constructed levees, the lower portion of the Atchafalaya River is
much less constricted allowing for natural braiding of the channel and interaction between the
river and its natural floodplain. Allen et al. (2008) documented that during periods of high
discharge in the Atchafalaya River, as much as 72% of the Atchafalaya's Basin is inundated by
water. During high flow periods in the Mississippi River, the Atchafalaya River Basin is
intensively managed as a floodway by diverting additional water from the Mississippi River into
the Basin though the Old River Control Structure and a series of spillways. These diversions
reduce potential flooding in downriver cities along the Mississippi River and greatly influence
the hydrology and water chemistry of the Atchafalaya River Basin.
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4.2.2. Study design
The five sample sites were selected based on a pairwise design, namely upstream and
downstream, within the MARS (Fig. 4.1). Three sites on the Atchafalaya River included
Simmesport (AR-U), at the river's headwater, and Wax Lake Outlet (AR-DW) and Morgan City
(AR-DM), 110 km downstream at the river's two outlets to the Northern Gulf of Mexico. Two
sites on the Mississippi River included Tarbert Landing (MI-U), upstream, and Baton Rouge
(MI-D), 116 km downstream. This site selection allows for direct comparison of upstream and
downstream water chemistry and loading conditions between a heavily channelized river, the
Mississippi River, and a river with high floodplain connectivity, the Atchafalaya River.
4.2.3. Field measurements and water sample collection
The Atchafalaya River sites were sampled approximately monthly between November
2013 to April 2016. Mississippi River sites were sampled monthly from May 2015 to April 2016.
During all field trips, in-situ measurements and grab samples were taken at each site. Wellflowing water samples were collected from publicly accessible boat ramps using a 3.7-m
aluminum pole with a polyethylene bottle attached to the end of the pole. A YSI 556 multiprobe
meter (YSI Inc., Yellow Springs, OH, USA) was used to measure water temperature, pH,
dissolved oxygen, and total dissolved solids. Thoroughly washed and acid bathed High Density
Polyethylene (HDPE) bottles were used for water sample collection. Water samples were taken
approximately 40 cm below the water surface. A 250 mL water sample was collected and
acidified in field to pH < 2 with HCl for metal analysis. Additionally, a 1 L sample was collected
for total suspended solids analysis at each site beginning in September 2014. All water samples
were stored in a cooler with ice immediately following collection and were refrigerated until
analysis. One duplicate sample was collected at one site each trip for laboratory quality control.
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4.2.4. Sample analysis
All water samples were analyzed for total recoverable metal concentrations, or the
combination of dissolved and particulate metal forms, of Al, Sb, As, Ba, Be, Bi, B, Ca, Cd, Cr,
Co, Cu, Fe, Pb, Li, Mg, Mn, Mo, Ni, P, K, Se, Si, Ag, Na, Sr, Th, Sn, Ti, V, and Zn using
inductively coupled plasma-atomic emission spectrometry under the Environmental Protection
Agency Method 200.7. Samples were analyzed at the W.A. Callegari Environmental Center,
Louisiana State University Agricultural Center. For each sample, 47 mL sample solution was
combined with 1mL metal-grade concentrated HCl and 2mL metals-grade concentrated HNO3 in
a 50mL tube and digested using a HotBlock (Environmental Express, Charleston, SC, USA) at
115 °C until all but 20 mL of the sample solution had evaporated. Sample solution temperature
during digestion was approximately 85 °C as method EPA 200.7 requires. 0.5 mL 1000ppm yttrium was then added to each sample as an internal standard followed by deionized water
to bring the total volume to 50 mL 10 mL digested sample was then filtered using 0.45 mm
filters (Fox Scientific, Texas, USA) before analysis. Finally, all digested and filtered samples
were analyzed using an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES,
Varian Vista MPX, Palo Alto, CA, USA). Any element concentrations above the calibration
curve were diluted by factors ranging between 10 and 1000 to bring them onto the calibration
curve. Field and laboratory blanks and Independent/Continuing Calibration Verification/
Blanks were utilized for quality control to safeguard against contamination in samples and to
verify all samples were within control limits. Laboratory control samples (LCS) with known
metal concentrations were used to measure the recovery rate of metals. The recovery rate for all
the studied metals ranged from 87 to 114%. Method detection limits (MDL) ranged between 0.77
and 66 mg L-1 depending on the element. Additional information on recovery rates and MDLs
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can be found in Table 4.1. Gravimetric analysis of a 1-L water sample was used to determine
TSS.
Table 4.1. Method detection limits (MDL) in µg L-1 of elements analyzed and their range of
respective recovery rates (%) found in laboratory control samples (LCS) recovery analysis.
Recovery rates followed by a indicate the lower value was a statistical outlier found in one
sample. A b indicates the higher value was a statistical outlier found in one sample.
Element
Al
Sb
As
Ba
Be
Bi
B
Cd
Ca
Cr
Co
Cu
Fe
Pb
Li
Mg

MDL
60
10
10
20
10
10
20
10
20
10
10
10
10
10
3.7
10

n
23
23
23
23
23
19
23
23
23
23
23
23
23
23
23
23

Recovery
Rates
81 – 121
98 – 118
95 – 115
67 – 110a
97 – 112
97 – 137
90 – 116
97 – 111
53 – 115a
97 – 220b
98 – 122
97 – 110
54 – 112a
98 – 112
96 – 111
56 – 110a

Element
Mn
Mo
Ni
P
K
Se
Si
Ag
Na
Sr
Tl
Sn
Ti
V
Zn

MDL
10
38
10
24
32
10
7
7
29
0.77
10
10
3.8
10
10

n
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23

Recovery
Rates
98 – 111
97 – 109
98 – 109
85 – 200b
95 – 111
92 – 110
81 – 216b
59 – 128ab
0 – 125a
97 – 110
48 – 112a
93 – 115
97 – 110
98 – 109
97 - 112

4.2.5. Data analysis
Daily discharge values for the Mississippi River and Atchafalaya River were collected
from the U.S. Geological Survey (USGS) and U.S. Army Corps of Engineers (USACE) to
calculate daily and annual metal loads. Gauging stations closest to sampling sites were used to
gather flow data (Fig. 4.1). More specifically, daily discharge data were collected on the
Mississippi River near Tarbert Landing, LA (USACE 01100Q) and at Baton Rouge, LA (USGS
07374000). Daily discharge data were collected on the Atchafalaya River near Simmesport, LA
(USGS 07381490), the Wax Lake Outlet near Calumet, LA (USGS 07381590), and Morgan
City, LA (USGS 07381600).
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Total annual load estimates for both rivers were calculated using the following flow∑𝐿

weighted discharge equation: 𝐿𝑎 = 𝑄𝑎 × (∑ 𝑄𝑑 ), where 𝐿𝑎 is total annual load, 𝑄𝑎 is the total
𝑑

annual discharge from May 2015 to April 2016, 𝐿𝑑 is total daily element load of samples
collected, and 𝑄𝑑 is total daily discharge on days of sample collection.
Statistical analysis was completed using SAS 9.2 software. All data were first tested for
normality using the Shapiro-Wilk Test. All data proven non-normally distributed were compared
using the Wilcox non-parametric one-way comparison of medians. Any data determined
normally distributed were compared using Student’s paired-samples T-Test. For samples where
elements were below detection limits, half of the elements respective detection limits were used
in data analysis. When classifying samples by flow condition, samples taken while discharge was
greater than 0.75 exceedance probability in the respective river were considered high flow.
Samples gathered while discharge was less than 0.25 exceedance probably for the respective
river were considered low flow. Regression analysis was performed to determine the relationship
between discharge and metal loading.
4.3. Results
4.3.1. River hydrology and ambient conditions
Daily discharge of the Mississippi River at the Tarbert Landing gauge and Baton Rouge
gauge during the study period of November 1, 2013 to April 30, 2016 averaged 16,487 m3 s-1
(standard deviation: ±7741) and 16,752 m3 s-1 (±7438), respectively, with high flow generally
occurring during the spring and low flow during the fall (Fig. 4.2a). Daily discharge ranged by
more than six fold in the Mississippi River, with the lowest (5097 m3 s-1) flow occurring in
November 2013 and highest (40,068 m3 s-1) in January 2016. In the Atchafalaya River at
Simmesport, mean daily discharge averaged 7,142 m3 s-1 (±3491) and was on average 1% higher
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than the combined means of the Atchafalaya’s Wax Lake and Morgan City outlets (3194 ±1450
and 3805 ±1908 m3 s-1, respectively) (Fig. 4.2b). On average, the Atchafalaya’s daily discharge
to the Northern Gulf of Mexico was divided 45.9% to 54.1% between the Wax Lake and Morgan
City outlets respectively. Daily discharge at Simmesport ranged by more than eight orders of
magnitude in the Atchafalaya River, with the lowest (2166 m3 s-1) in November 2013 and the
highest (17,443 m3 s-1) in January 2016. The range of daily discharge in the Atchafalaya River’s
two outlets was proportionally much greater than the Simmesport gauges range. The
Atchafalaya’s discharge constituted on average 29.1% of the total discharge from the MARS.
Seasonal variation in daily discharge for both rivers in 2013-2014 was fairly consistent with
long-term mean daily discharge data for the Mississippi River at Baton Rouge (2004-2017) and
Atchafalaya River at Simmesport (2009-2017) (USGS Gauge Data). However, discharge in both
rivers in 2015-2016 was regularly above reported long-term mean daily discharge values. In
July-August 2015 and January-February 2016, daily discharge in both streams peaked nearly two
times greater than their respective long-term daily averages for that time of year.
Mean water temperatures in the Mississippi River were approximately 1.2 °C cooler than
those in the Atchafalaya River during the sampling period (Table 4.2), in a seasonal trend
consistent with the seasonal atmospheric temperature fluctuation. pH in both streams had low
variation during the sampling period, with a mean of 7.7 (±0.4) in the Mississippi and 7.4 (±0.5)
in the Atchafalaya. Dissolved oxygen concentrations were on average 1 mg L-1 higher in the
Mississippi than the Atchafalaya (8.8 and 7.8 mg L-1), however the Atchafalaya had a larger of
concentration range during the study period. Total dissolved solid concentrations in the
Mississippi and Atchafalaya averaged 258 (±39) and 228 mg L-1 (±68), respectively.
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Figure 4.2. Daily mean discharges of the Mississippi River (a) at Tarbert Landing, LA (USACE
01100Q) and Baton Rouge, LA (USGS 07374000) and in the Atchafalya River (b) at
Simmesport, LA, Wax Lake Outlet near Calumet, LA (USGS 07381590), and Morgan City, LA
(USGS 07381600). Solid dots represent sampling dates demonstrating sample collection under
various river flow conditions. Dashed lines represent long-term mean daily discharges at Baton
Rouge in the Mississippi River (a) and Simmesport in the Atchafalaya River (b).
Table 4.2. Ambient water conditions at five sampling locations: means and standard deviations
of temperature (ºC), pH, dissolved oxygen (mg L-1), and total dissolved solids (mg L-1).
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Mississippi
Parameter
n
T
pH
DO
TDS

Atchafalaya

MI-U

MI-D

AR-U

10
18.2 ± 8.3
7.3 ± 0.9
8.6 ± 3.8
253 ± 38

11
19.0 ± 8.2
7.6 ± 0.5
9.0 ± 3.3
259 ± 39

24
19.5 ± 7.5
7.3 ± 0.6
8.1 ± 2.6
220 ± 68

AR-DW
24
19.9 + 7.5
7.5 ± 0.5
7.9 ± 3.0
232 ± 64

AR-DM
24
20.3 ± 7.3
7.4 ± 0.5
7.5 ± 2.8
231 ± 60

4.3.2. Concentrations
Among the 31 metals analyzed in this study, Be, Bi, Co, and Mo were not detected in any
samples at any of the five sites. Sb, Cd, Cr, Cu, Pb, Ni, Se, Th, and Sn were detected less than
33% of sample events at all sites. Due to low detection rates, all of the aforementioned elements
were excluded from further data analysis.
The Mississippi River had either similar or higher concentrations of all elements
compared to the Atchafalaya, with the exception for Si and Na (Table 4.3). Concentrations of B,
Ca, Mg, and Ag were found to be significantly (p < 0.05) greater in the Mississippi than
Atchafalaya River. Concentrations of Al, Ba, Fe, Mn, Ti, and V were also generally greater in
the Mississippi River. Only Si concentrations were found to be significantly greater in the
Atchafalaya River. Concentrations of Na were on average greater in the Atchafalaya, however
this difference was not statistically significant.
Not only did overall ion chemistry vary between the two rivers, but spatial variation of
metal concentrations upstream and downstream was different between the two rivers. In the
Mississippi River, the majority of elements had a higher average concentration downstream than
upstream. In the Atchafalaya River, concentrations of most metals decreased moving
downstream, with the lower concentrations found at the Morgan City outlet compared to the
Wax Lake outlet. The strongest examples of this phenomenon were found in Al, Fe, Mn, and Si
Table 4.3. Mean metal concentrations (µg L-1) in water samples from study sample sites. Values
with a subscript letter in the same row and values with no letters indicate no significant
67

difference between sites within each river (p < 0.05), while different letters in the same row
indicate statistically differences.
Mississippi

Atchafalaya

Parameter
MI-U
MI-D
AR-U
n
10
11
24
TSS
113 ± 83
88 ± 48
106 ± 54a
Al
4227 ± 3880
4531 ± 3687
4685 ± 3879
As
11 ± 6
12 ± 8
10 ± 7
Ba
97 ± 34
97 ± 31
90 ± 27
B
59 ± 18
60 ± 19
48 ± 19
Ca
39929 ± 5446 36557 ± 10436 31421 ± 10249a
Fe
3497 ± 3155
4199 ± 3083
4008 ± 3045
Li
9 ± 10
8 ± 10
9±7
Mg
13833 ± 2506
12428 ± 4261
10289 ± 4106a
Mn
146 ± 115
150 ± 87
141 ± 70
P
220 ± 117
228 ± 120
212 ± 75a
K
5162 ± 1445
5230 ± 1413
5016 ± 1240
Si
5091 ± 5170
6369 ± 6122
8778 ± 6203
Ag
14 ± 15
7±4
8±9
Na
15417 ± 5070
15570 ± 6815
17887 ± 7989
Sr
167 ± 36
165 ± 36
156 ± 45
Ti
108 ± 114
121 ± 120
88 ± 83
V
12 ± 8
11 ± 9
11 ± 7a
Zn
15 ± 9
14 ± 11
16 ± 8
*Value is below parameter’s method detection limit

AR-DW

AR-DM

24
84 ± 56a
3837 ± 3437
11 ± 8
89 ± 27
48 ± 21
33286 ± 9163b
3746 ± 3799
8±7
11013 ± 3676b
120 ± 68
204 ± 81a
5117 ± 1275
8385 ± 6997
7±6
18174 ± 8257
163 ± 50
89 ± 97
10 ± 7b
15 ± 9

24
71 ± 51b
3557 ± 2722
10 ± 6
87 ± 23
48 ± 18
33269 ± 10599ab
3181 ± 1823
8±7
11217 ± 4092b
117 ± 49
185 ± 63b
4982 ± 1160
8030 ± 7225
6* ± 4
18414 ± 8119
163 ± 46
79 ± 92
9 ± 5b
14 ± 9

concentrations, where concentrations were on average 24%, 21%, 17%, and 9% lower at the
Morgan City Outlet than upstream, respectively. Concentrations of P, Ti, and V also had lower
average concentrations downstream.
Even though concentrations of Ca and Mg were greater in the Mississippi River, they
were the only two elements in the Mississippi to consistently have lower concentrations
downstream than upstream (about 8% and 10% lower on average, respectively). Concentrations
of Ca and Mg in the Atchafalaya showed the opposite trend, averaging significantly higher
concentrations at either one or both outlets compared to upstream. Na and Sr were the only two
elements to have slightly large average concentrations downstream in both rivers.

68

Concentrations of total suspended solids were on average lower in the Atchafalaya River
than the Mississippi River. Both rivers had lower TSS concentrations at their downstream sites
compared to upstream, however this difference was only significant in the Atchafalaya River.
Nearly all elements that had noticeably lower concentrations downstream in the Atchafalaya also
had significant correlations with TSS concentrations (Table 4.4). Concentrations of Al, Ba, Fe,
Mn, P, K, and Ti showed strong correlations with TSS concentrations in both rivers.
Concentrations of Si and V were only significantly correlated with TSS concentrations in the
Atchafalaya.
Table 4.4. Relationship between metal concentrations (µg L-1) and. total suspended solids
concentrations (mg L-1). The “n” value represents the total number of TSS samples collected in
the respective rivers.
Element
Al
Ba
Fe
Mn
P
K
Si
Ti
V

R2

Site

n

Equation

Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya

20
48
20
48
20
48
20
48
20
48
20
48

Al = 0.033 (±0.010)TSS + 1057 (±1235)
Al = 0.042 (±0.008)TSS + 378 (±823)
Ba = 0.30 (±0.08)TSS + 66498 (±10288)
Ba = 0.19 (± 0.06)TSS + 76056 (±6722)
Fe = 0.030 (±0.008)TSS + 849 (±968)
Fe = 0.041 (±0.007)TSS + 202 (±685)
Mn = 1.16 (±0.22)TSS + 31286 (±25832)
Mn = 0.88 (±0.13)TSS + 48458 (±13649)
P = 1.03 (±0.32) TSS + 119965 (±38578)
P = 0.84 (±0.20)TSS + 127162 (±20017)
K = 0.012 (±0.004)TSS + 4003 (±479)
K = 0.011 (±0.011)TSS + 4238 (±331)

0.36
0.38
0.41
0.16
0.43
0.45
0.62
0.49
0.36
0.29
0.33
0.19

0.0048
<0.0001
0.0026
0.0050
0.0016
<0.0001
<0.0001
<0.0001
0.0048
<0.0001
0.0081
0.0018

Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya

20
48
20
48
20
48

Si = 0.033 (±0.018)TSS + 2418 (2140)
Si = 0.070 (±0.018)TSS + 1843 (±1798)
Ti = 1.16 (±0.29)TSS – 1796 (±34754)
Ti = 0.95 (±0.22)TSS + 7374 (±22982)
V = 0.052 (±0.026)TSS + 6082 (±3102)
V = 0.066(±0.017)TSS + 4941 (±1768)

0.16
0.26
0.47
0.28
0.19
0.24

0.0810
0.0002
0.0008
0.0001
0.0584
0.0004

4.3.3. Loads and transport
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P-Value

Daily and annual loads of all elements were greater in the Mississippi River than the
Atchafalaya River. Annual load calculations determined the seven major elements in this study
(Ca, Na, Mg, Si, K, Al, and Fe) contribute 99% of the total mass load of elements to the
Northern Gulf of Mexico annually (Table 4.5). Ca, Mg, and Na had the largest annual loads,
exceeding one million tons per year, while Li, Ag, As, and V represented the smallest metal
loads, ranging between 6,000 to 10,000 tons annually. The Atchafalaya constituted between one
quarter of the total load for metals such as Ti and B (24%), and up to as much as one third of the
total load for Li, Na, and Si (34%). The majority of elements had a proportional load from the
Atchafalaya River lower than or similar to the Atchafalaya’s proportional discharge of 30%. The
Atchafalaya showed an annual net decrease from upstream to downstream in all elements except
Ca, Mg, Na, and Sr.
For the majority of sampling events, daily loads of TSS and nearly all elements increased
upstream to downstream in the Mississippi River. The largest median load increases in the
Mississippi were found in Al, Fe, and Mn, with median increases of 23, 25, and 20%
respectively (Fig. 4.3). Loads of As, Ba, P, K, Ti, and V in the Mississippi River also regularly
increased upstream to downstream, with median load changes ranging between 6-20%. Only Ca,
Mg, Si, and Ag had negative median load changes, meaning their loads regularly decreased
upstream to downstream. The largest median load decreases were found in Ag, with a median
change of -26%, followed by Si, Mg, and Ca at -10, -5, and -3% respectively. Median loads of B,
Li, Na, Sr, Zn increased slightly for the majority of sample events.
The Mississippi River’s load transport trends were heavily polarized during periods of
high discharge (Fig. 4.4a). In the Mississippi River, the majority of elements had larger load
increases upstream to downstream during periods of high flow versus low flow. The most drastic
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Table 4.5. Total annual discharge (km3) and mass loads (103 t) from the Mississippi River and
Atchafalaya River and their respective proportion of loading to the Northern Gulf of Mexico (in
the order of mass).
Parameter

Mississippi

Atchafalaya

Total

Mississippi
(%)

Atchafalaya
(%)

Discharge

649

276

925

70

30

Ca

21791

8517

30308

72

28

Na

8819

4512

13331

66

34

Mg

7250

2769

10019

72

28

Si

4213

2187

6399

66

34

K

3308

1367

4675

71

29

Al

3220

1131

4351

74

26

Fe

2884

1050

3934

73

27

P

148

54

202

73

27

Sr

101

42

143

71

29

Mn

95

33

128

74

26

Ti

89

28

117

76

24

Ba

61

24

85

72

28

B

38

12

50

75

25

Zn

9

4

13

68

32

As

7

3

10

73

27

V

7

3

10

73

27

Li

4

2

6

67

33

Ag

4

2

6

71

31

52048

21533

73788

-

-

Total

examples of this phenomenon were found in B, Mn, and Ti, where low flow median change
upstream to downstream was 0%, -5%, and 14%, respectively, but increased to 69%, 54%, and
68% respectively, during high flow periods. Load transport of Al, Fe, and Si also noticeably
increased with flow in the Mississippi, with load increases upstream to downstream ranging 1624 percentage points greater during high flows periods. Only Ca, Mg, and Na transport rates had
a negative relationship with discharge (Fig. 4.5).
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Figure 4.3. Median change (%) in element loading between upstream and downstream in the
Mississippi and Atchafalaya Rivers. A positive value represents an increase from upstream to
downstream.
Load transport in the Atchafalaya River followed very different trends than the
Mississippi. Loads of TSS and the majority of elements decreased upstream to downstream in
the Atchafalaya (Fig. 4.3). The largest median load decrease in the Atchafalaya was -17% in both
Al and Mn. Loads of Fe, P, and Si also had largely decreased at -9, -9, and -10% median changes
respectively. Loads of Ba, B, Li, K, Ag, Ti, V, and Zn decreased by 0-3% for the majority of
sample events. The only metal loads that had a positive median change upstream to downstream
in the Atchafalaya River were Ca, Mg, Na, and Sr. Median changes of these elements were
small, ranging between 2-8%.
Similar to the Mississippi, load transport trends of several elements in the Atchafalaya
were magnified during periods of high discharge. Considerably larger percentages of loads of
Al, Fe, and Ag were removed upstream to downstream during low flow periods (Fig. 4.4b).
Loads of B actually tended to increase upstream to downstream during high flow (median 18%)
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Figure 4.4. Median change (%) in loading upstream to downstream during periods of low and
high flow in the Mississippi River (a) and Atchafalaya River (b). Low flow samples were defined
as samples gathered while discharge was less than 0.25 exceedance probability for the respective
river. Samples taken while discharge was greater than 0.75 exceedance probability were
classified as high flow.
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Figure 4.5. Relationship between Ca (a), Mg (b), and Na (c) loading change upstream to
downstream (%) and downstream discharge (m3 s-1) in the Mississippi and Atchafalaya Rivers. A
positive value represents an increase from upstream to downstream.
but shifted to a decreasing trend during high flow periods (median -11%). Discharge had the
opposite effects on Ca, Mg, and Zn, with transport rates during high flow being more positive by
11, 3, and 26 percentage points, respectively.
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2.3.4. Relationship between river discharge and metal loads
Significant strong relationships (R2 > 0.4) were found between daily discharge and daily
loads of Ba, Ca, Fe, K, Ag, Sr, and Ti in both the Mississippi River and Atchafalaya River
downstream sites (Table 4.6). In the Atchafalaya River, significant strong regressions were also
found between Mg, Mn, V, and Zn loads and daily discharge. Only in the Mississippi River were
B loads strongly correlated (R2 = 0.49) with discharge. Loads of Al relationship to daily
discharge was strongest in both rivers (R2 = 0.61 and 0.62 in the Mississippi and Atchafalaya
River, respectively); however, this relationship was only statistically significant in the
Atchafalaya River.
The relationship of discharge and mass transport essentially indicate a dependence of
metal concentration with river flow condition. The closer the relation of a metal with discharge
is, the less dependency of the metal concentration with flow condition. Therefore, the regressions
with higher R2 could be used for future prediction of metal mass transport in the two rivers.
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Table 4.6. Relationships between daily discharge (km3 day-1) and daily loads (t day-1) of metals
from the Mississippi and Atchafalaya Rivers to the Northern Gulf of Mexico. The “n” value
represents the number of major and trace element concentration samples collected in each river’s
respective downstream site(s).
Element
Al
As
Ba
B
Ca
Fe
Li
Mg
Mn
P
K
Si
Ag
Na
Sr
Ti
V
Zn
TSS

Site
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya
Mississippi
Atchafalaya

n
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23
10
23

Equation
ln(Al) = 2.87 (±0.81)ln(Q) + 7.05 (±0.50)
ln(Al) = 1.92 (±0.33)ln(Q) + 8.53 (±0.27)
ln(As) = 0.34 (±0.51)ln(Q) + 2.58 (±0.32)
ln(As) = 0.73 (±0.24)ln(Q) + 1.99 (±0.20)
ln(Ba) = 0.86 (±0.24)ln(Q) + 4.58 (±0.15)
ln(Ba) = 1.03 (±0.12)ln(Q) + 4.46 (±0.10)
ln(B) = 0.69 (±0.25)ln(Q) + 4.19 (±0.16)
ln(B) = 0.72 (±0.20)ln(Q) + 3.58 (±0.17)
ln(Ca) = 0.46 (±0.19)ln(Q) + 10.70 (±0.12)
ln(Ca) = 0.69 (±0.11)ln(Q) + 10.17 (±0.09)
ln(Fe) = 2.12 (±0.70)ln(Q) + 7.48 (±0.43)
ln(Fe) = 1.76 (±0.29)ln(Q) + 8.41 (±0.24)
ln(Li) = -0.43 (±0.76)ln(Q) + 1.98 (±0.47)
ln(Li) = 0.22 (±0.40)ln(Q) + 1.17 (±0.33)
ln(Mg) = 0.32 (±0.22)ln(Q) + 9.66 (±0.13)
ln(Mg) = 0.55 (±0.14)ln(Q) + 8.95 (±0.12)
ln(Mn) = 0.78 (±0.51)ln(Q) + 4.93 (±0.31)
ln(Mn) = 1.20 (±0.19)ln(Q) + 4.82 (±0.16)
ln(P) = 0.54 (±0.77)ln(Q) + 5.36 (±0.47)
ln(P) = 0.81 (±0.28)ln(Q) + 5.02 (±0.23)
ln(K) = 0.84 (±0.19)ln(Q) + 8.60 (±0.12)
ln(K) = 0.96 (±0.10)ln(Q) + 8.47 (±0.08)
ln(Si) = 1.07 (±0.61)ln(Q) + 8.40 (±0.38)
ln(Si) = 1.06 (±0.32)ln(Q) + 8.77 (±0.27)
ln(Ag) = 1.15 (±0.44)ln(Q) + 0.74 (±0.12)
ln(Ag) = 1.55 (±0.22)ln(Q) + 1.98 (±0.18)
ln(Na) = 0.13 (±0.26)ln(Q) + 9.93 (±0.16)
ln(Na) = 0.42 (±0.17)ln(Q) + 9.32 (±0.14)
ln(Sr) = 0.63 (±0.11)ln(Q) + 5.24 (±0.07)
ln(Sr) = 0.70 (±0.12)ln(Q) + 4.86 (±0.10)
ln(Ti) = 3.21 (±0.91)ln(Q) + 3.09 (±0.56)
ln(Ti) = 2.20 (±0.34)ln(Q) + 4.80 (±0.28)
ln(V) = 1.24 (±0.55)ln(Q) + 2.04 (±0.34)
ln(V) = 1.28 (±0.23)ln(Q) + 2.26 (±0.19)
ln(Zn) = 0.83 (±0.63)ln(Q) + 2.41 (±0.39)
ln(Zn) = 1.15 (±0.30)ln(Q) + 2.56 (±0.24)
ln(TSS) = 0.88 (±0.45)ln(Q) + 11.28 (±0.28)
ln(TSS) = 1.64 (±0.25)ln(Q) + 11.49 (±0.20)
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R2
0.61
0.62
0.05
0.30
0.61
0.78
0.49
0.38
0.43
0.67
0.53
0.64
0.04
0.01
0.22
0.42
0.23
0.66
0.06
0.29
0.71
0.81
0.28
0.34
0.47
0.71
0.03
0.23
0.79
0.63
0.61
0.67
0.39
0.60
0.18
0.42
0.32
0.76

P-Value
0.074
<0.0001
0.52
0.0064
0.0077
<0.0001
0.0246
0.0019
0.0391
<0.0001
0.0162
<0.0001
0.59
0.59
0.17
0.0009
0.16
<0.0001
0.50
0.0078
0.0021
<0.0001
0.12
0.0035
0.0297
<0.0001
0.65
<0.0001
0.0005
<0.0001
0.0078
<0.0001
0.05
<0.0001
0.22
0.0009
0.09
<0.0001

4.4. Discussion
4.4.1. Metal loading between the Mississippi and Atchafalaya Rivers
Our results indicate that the Atchafalaya’s proportional loads of metals vary with respect
to its proportional discharge from the MARS, reflecting geochemical differences between the
Mississippi and Atchafalaya Rivers. The likely main reason for geochemical differences between
these two rivers would be the Red River’s contribution to the Atchafalaya River. The Red River
contributes between 7-85% of the flow forming the Atchafalaya (Xu and BryantMason, 2011;
Xu and DelDuco, 2017) with the other portion of the Atchafalaya’s flow derived from the
Mississippi’s main channel diverted through the Old River Channel (Fig. 4.1). The Red River
Basin contains different lithology, climate, land-uses, and biota from the Mississippi River
Basin, all of which have been documented to have influence on river geochemistry (Peters, 1984,
Bluth and Kump, 1993, Garbarino et al., 1995). Consequently, any differences in water
chemistry in the headwaters of the Atchafalaya River and the Mississippi River at Tarbert
Landing, LA are likely derived from the Red River. For example, Peters (1984) concluded that
annual precipitation was the dominant factor determining total dissolved solids (TDS)
concentrations, or the total concentration of dissolved organic and inorganic constituents in the
water column, within lithology types. The Mississippi River basin receives around 15% more
precipitation annually (Canfield, 1997) than the Red River Basin. Therefore, it is not surprising
that the Mississippi’s average TDS concentrations were higher than the Atchafalaya’s.
Additionally, the lower reaches of the Mississippi River drains primarily alluvial sediment
material, while the Red River Basin drains significantly older and a more diverse series of
minerals. This is likely a main factor driving differences in dissolved metal concentrations and
speciation between the two rivers.
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One of the largest differences geochemically between the two rivers was much larger
concentrations of Na and Si in the Atchafalaya than the Mississippi River (Table 4.3). Larger
concentrations of Na and Si resulted in the Atchafalaya contributing 34% of the total mass export
of these elements, larger than the Atchafalaya’s proportional discharge during the study period
(Table 4.5). In a study analyzing the sediment and solute geochemistry of large United States
rivers, Canfield (1997) found that the Red River transported higher sediment concentrations than
the Mississippi River and that Red River sediments contained substantially more Si by weight
than the Mississippi. These findings provide evidence to why average Si concentrations in the
Atchafalaya’s upstream were 72% higher than the Mississippi River’s upstream site. Canfield’s
research also found that while Na sediment concentrations were similar between the two rivers,
dissolved Na concentrations in the Red River were more than double concentrations in the
Mississippi River. However, the difference in Na solute ions between the Red and Mississippi
was drastically less once concentrations were corrected for atmospheric Na deposition (Berner
and Berner, 1996), meaning the Red River likely delivers water that is highly concentrated in
atmospherically derived Na to the Atchafalaya River. Peters (1984) also found that increased Na
concentrations in rivers can occur due to anthropogenic influences as well, though this is not
likely in the Atchafalaya Basin for reasons presented subsequently.
Concentrations of Ca and Mg were significantly lower in the Atchafalaya, averaging 21%
and 26% lower in the Atchafalaya’s upstream site compared to the Mississippi, respectively.
This finding is not surprising as Ca and Mg concentrations are positively correlated with river
runoff (Meybeck, 2003), of which the Mississippi has a greater amount of than Red River
(Canfield, 1997). However, concentrations increased upstream to downstream in the Atchafalaya
but followed a decreasing trend moving downstream in the Mississippi. The elements Ca and Mg
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are generally classified as highly mobile elements, thus are mostly delivered to rivers in
dissolved form via groundwater input (Martin and Meybeck, 1978; Meybeck, 2003). Unlike the
strict levee-confined Mississippi River, the lower half of the Atchafalaya River is much less
confined, allowing for hydrologic connectivity between the river’s main channel and floodplain.
We hypothesize that higher floodplain connectivity in the Atchafalaya Basin likely results in
greater inputs of dissolved Ca and Mg found in the floodplain pore water, resulting in larger
concentrations downstream in the Atchafalaya River. As a result of these spatial changes in
concentration, the Atchafalaya contributes 28% of the total Ca and Mg from the MARS, which is
close to its proportional discharge of 30% (Table 4.5)
The Atchafalaya River had lower concentrations of TSS on average than the Mississippi
(Table 4.3), which can likely explain lower concentrations and lower proportional loads of
several metals in the Atchafalaya. Concentrations of Al, Ba, Fe, Mn, P, K, Si, Ti, and V had
significant correlations with TSS in one or both rivers (Table 4.4), suggesting these elements are
likely transported in particulate form. Out of these elements, Ba, Mn, P, Ti, and V average
concentrations in the Atchafalaya were lower at all sites than the Mississippi, resulting in
relatively lower proportional loads from the Atchafalaya (24-28%). Average concentrations of Al
and Fe were overall lower in the Atchafalaya River; however, their concentrations upstream were
much greater than the upstream concentrations in the Mississippi River. Both metals are
commonly found in soil minerals and tend to have highly variable weatherability dependent on
soil type, river chemistry, and weathering conditions (Gaillardet et al., 2003), meaning they can
be found in both particulate and dissolved forms in rivers. These results would suggest the Red
River delivers Al and Fe enriched sediments to the Atchafalaya River, or water highly
concentrated in particulate bound Al and Fe. No matter the source, our results also indicate there
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is some form of Al and Fe removal process in the Atchafalaya River (Section 2.4.2), resulting in
proportional loads of Al and Fe from the Atchafalaya River (26% and 27%, respectively) lower
than its proportional discharge.
Average concentrations of heavy metals Ag, Ti, and V were greater in the Mississippi
than the Atchafalaya River during the study period, potentially due to anthropogenic sources.
Additionally, proportional loads of Ag, Ti, and V from the Atchafalaya River were either lower
or similar to the rivers proportional discharge from the entire system (31,24, and 27%,
respectively). While many heavy metals occur naturally at low concentrations in the
environment, heavy metals can also be introduced into the environment through anthropogenic
sources, including point-source wastewater and industrial discharges and atmospheric deposition
from industry related emissions (Galloway et al., 1982; Bradl, 2002). The Mississippi River
Basin is home to over 100 million permanent residents and has a river corridor heavily
influenced by urban development and industry. Specifically, the lower Mississippi River receives
discharge from a high density of chemical, food, and metal manufacturing facilities, oil and gas
facilities, and public wastewater treatment facilities (LMRCC, 2014). Silver and Ti specifically
are well-known by-products of metal manufacturing (USGS, 2016). The Mississippi River Basin
is a very different environment compared to the Atchafalaya River Basin, which has nearly no
permanent residents (Ford and Nyman, 2011) and is composed of primarily bottomland
hardwood forest with minimal urban development (USGS, 2011). Consequently, the Atchafalaya
River has lower concentrations of heavy metals than the Mississippi River, especially in the
Atchafalaya’s lower reaches where water chemistry is least influenced by the Mississippi.
Boron is a highly mobile essential micronutrient for plants and was one of four elements
significantly lower in the Atchafalaya River than the Mississippi River. The Atchafalaya’s loads
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of B are also drastically lower compared to the rivers proportional discharge (25% to 30%).
Similar to many elements in this study, B is a naturally occurring element that is primarily
released into the environment naturally through the weathering of minerals. However, B is also
present in industrial, domestic and agriculture products and can therefore also be released into
the environment through wastewater, agriculture runoff, and coal-fired power plants (Butterwick
et al., 1989; Eisler, 1990). It is likely a combination of more industrial and domestic wastewater
discharges, agricultural runoff, and mineral dissolution resulting in larger concentrations and
loads of B in the Mississippi River than the Atchafalaya River.
4.4.2. Floodplain effects on riverine metals transport
The findings from this study support our initial hypothesis that the Atchafalaya River
regularly functions as a sink for nearly all metals, likely due to a combination of several physical
and biogeochemical processes occurring in the Atchafalaya River Basin’s extensive wetland
floodplain network. One of the most prominent metal removal mechanisms in wetland systems is
sedimentation (Hupp et al., 1993; Matagi et al., 1998), which is highly influenced by hydraulic
connectivity (Noe and Hupp, 2005). Recent studies have shown that even during periods of low
flow, the Atchafalaya River inundates as much as 20% of the basin (Allen et al., 2008).
High hydraulic connectivity within the Atchafalaya River Basin results in the trapping of
approximately 5.3 x 106 t of sediment annually (Rosen and Xu, 2015). Rosen and Xu’s findings
support our finding of the large decreases in TSS loads upstream to downstream in the
Atchafalaya River. Consequently, sedimentation can likely explain the decrease in loads of Al,
Ba, Fe, Mn, P, Si, Ti, and V in this study, as all of these elements have been documented in
Atchafalaya’s sediments (DeLaune et al., 2016), are commonly bound to particulate matter, and
had significant correlations with TSS concentrations in this study (Table 4.4).
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For more mobile heavy metals, such as Ba and Zn, adsorption may be an important
removal mechanism in the Atchafalaya River System. While numerous factors can influence
adsorption of heavy metals, pH is one of the most important factors controlling metal availability
(Chen et al., 2000). In general, heavy metal adsorption to sediments tends to have a positive
correlation with pH (Lesage et al., 2007), meaning at higher pH heavy metals are less present in
the water column. The Atchafalaya’s main channel in this study had an average pH of 7.4 (±0.5)
and its hydraulically connected wetland complexes in the Atchafalaya’s floodway also tend to
have a neutral or slightly alkaline pH (Pasco et al., 2016), which would be conducive of Ba and
Zn adsorption to sediments. A study of adsorption properties in Mississippi River alluvial
sediment by Khalid and others (1978) found that at a pH > 6.5, river sediments can remove
nearly 100% of aqueous Zn from the water column through adsorption and co-precipitation with
hydroxides, further supporting the potential for Zn adsorption in the Atchafalaya’s basin. It
should be noted that while pH levels in the Mississippi were on average more alkaline than in the
Atchafalaya River (7.7 ±0.4), loads of Ba and Zn in the Mississippi River regularly increased
upstream to downstream. This could be due to the channelized structure of the Mississippi River
compared to the Atchafalaya River, creating lower residency times between river water and
riverbed sediments, which would be less conducive of adsorption. This phenomenon may also
have occurred due to lack of available sorption sites on Mississippi riverbed sediments, external
inputs of Ba and Zn greater than the amount of adsorption occurring in the Mississippi River, or
a combination of processes.
Wetland vegetation can also remove nutrients and heavy metals from the water column
by adsorption to or precipitation on root structures or absorption into root, stem, or leaf
structures. (Matagi et al., 1998). The Atchafalaya River Basin is considered a bald cypress-tupelo
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swamp containing aquatic vegetation communities composed primarily of hydrilla (Hydrilla
verticallata) and water hyacinth (Eichhornia crassipes) (Colon-Gaud et al., 2004). Several
studies have shown that both hydrilla and water hyacinth can incorporate large amounts of Zn
and other heavy metals from the environment into or onto their root, stem, and leaf structures
(Ingole and Bole, 2003; Srivasta et al., 2009; Dixit and Dhote, 2010; LaFabrie et al., 2013;
Newete et al., 2016), which would support our findings of a median decrease in Zn loads
upstream to downstream in the Atchafalaya River. Elevated levels of Zn have even been
identified in bald cypress tree rings in southern Louisiana swamps (Latimer et al., 1996).
Additionally, Zn is one of several essential nutrients for many wetland plants, along with B, Ca,
Fe, Mg, Mn, P, K; therefore, reduction in loads of these elements within the Atchafalaya River
Basin may be attributed to plant uptake.
Living within the extensive wetland complexes in the Atchafalaya River Basin, are
micro-organisms that can utilize similar nutrients and heavy metals as wetland plants. Microorganisms can remove metals from wetlands utilizing two pathways: (1) metabolic uptake and
(2) bio-sorption, or adsorption of metals to extracellular charged materials or cell walls (Matagi,
1998). The Atchafalaya River Basin experiences high levels of microbial productivity in late
summer months, primarily in phytoplankton primary production (Fontenot et al., 2001).
Cyanobacteria, a group of phytoplankton, specifically have been documented to reduce Zn
concentrations in surface waters by nearly half (Moore and Romanorty, 1984). Based on this past
research, phytoplankton may play an important role in reducing Zn loads. For many of the
aforementioned essential nutrients, metabolic uptake by heterotrophic organisms may explain
their reduction in loads.

83

With all of these wetland removal functions, it is important to consider that wetlands may
function as a sink in the short-term, but may have a neutral or even positive mass balance in the
long-term due to the release of elements back into the environment through desorption and decay
of organic matter. For example, Zn loads decreased upstream to downstream the majority of
sample events in the Atchafalaya, however loads actually tended to increase during high-flow
periods. This may be due to flushing of partially decomposed plant residues or other organic
matter from regions of the Atchafalaya’s basin that are not regularly inundated into the river.
This phenomenon in the Atchafalaya also occurred with Ca and Mg, which are also essential
nutrients.
4.4.3. Potential long-term risk (or non-risk) for coastal wetlands
A risk associated with the proposed Mississippi and Atchafalaya River diversion projects
is the potential delivery of pollutants to Louisiana’s coastal wetlands. The data and loading
equations presented in this study can be utilized to assess the quality of water and calculate the
total mass of metals delivered through the proposed diversions. While there are currently no
developed thresholds for loads of metals that can enter Louisiana’s coastal wetlands, the
Environmental Protection Agency (EPA) has developed criterion maximum concentrations
(CMC) and criterion continuous concentrations (CCC) for several of the elements analyzed in
this study. CMCs and CCCs recommend the maximum concentrations of a pollutant to which
aquatic organisms may be exposed to for short and extended periods of time without causing
significant health effects (EPA, 2017). CMC and CCC thresholds for both freshwater and
saltwater are published in the EPA’s National Recommended Aquatic Life Criteria Table. As this
study is assessing the potential impact to coastal brackish water systems, the lowest CMC and
CCC values between freshwater and saltwater system were used for analysis. For any CMC or
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CCC calculation that required water hardness (CaCO3 concentration), a value of 100 mg L-1 was
used.
Average Al concentrations across the five study sites were more than 4 orders of
magnitude greater than the CMC of 750 µg L-1 and 40 orders greater than the CCC of 87 µg L-1
(Table 4.3; EPA, 2017). Mean Fe concentrations at all sites exceeded the fresh-water CCC of
1000 µg L-1 by more than three orders of magnitude. While based on these data it is likely that
Al and Fe currently impact biologic communities in both the Mississippi and Atchafalaya River,
no criterion has been developed for Al or Fe in salt-water conditions; therefore, it is uncertain as
to the impact these constituents would have on estuarine systems.
All sites in both rivers had at minimum five samples exceeding the EPA CMC for total
recoverable Ag (3.2 µg L-1 freshwater, 1.9 µg L-1 saltwater), suggesting that Ag concentrations
likely impact aquatic life in both the Mississippi and Atchafalaya River and may be an element
of concern to coastal systems receiving sediment from these rivers. However, it is worth noting
that the detection limit for Ag in this study was 7 µg L-1, well above the CMC for Ag, meaning
that impacts may be more serious than can be detected in this study.
Concentrations of As and Zn did not exceed EPA CMC or CCC thresholds in any
samples in any of the five sample sites. The average concentration of Cr was also well below its
respective CCC, suggesting there is likely no concern for Cr toxicity. Trace metals Cd, Cu, Pb
and Ni and Se were only detected between 3-16 out of 89 total samples, with dissolved
maximum detection limits well above their respective Aquatic Life Criteria thresholds.
Consequently, these data were excluded from data analysis and discussion as we could not
accurately discuss their potential harm to the environment. However, these results indicate that
further investigation of heavy metals transport in the MARS utilizing much finer detection limits
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would be beneficial to ensuring the environmental quality of Louisiana’s coastal systems. No
EPA relevant aquatic life standards exist for Ba, B Ca, Mg, Mn, Li, K, Si, Na, Sr, Ti, or V, and
we are therefore uncertain about any potential adverse effects of the metals on coastal waters in
the Northern Gulf of Mexico.
4.5. Conclusions
This study analyzed total recoverable concentrations and loads of thirty-one metals at five
sites upstream and downstream of the Mississippi and Atchafalaya Rivers from 2013 to 2016,
filling in a knowledge gap that is important in understanding large river metal transport and
assessing long-term potential effects of the metals along the Northern Gulf of Mexico. We found
that the seven major elements (Ca, Na, Mg, Si, K, Al, and Fe) constituted 99% of the total annual
mass load of metals from the MARS (7.38 x 107 tons). Trace element annual mass loads
occurred in the following order from largest to smallest, Sr, Mn, Ti, Ba, B, Zn, As, V, Li, and
Ag. Mean concentrations of Al, Ba, B, Ca, Fe, Mg, Mn, Ag, and Ti were greater in the
Mississippi River, while Si and Na concentrations were greater in the Atchafalaya River,
suggesting geochemical differences between the two rivers. Strong relationships (R2 > 0.4) were
found between daily discharge and daily loads of Ba, Ca, Fe, K, Sr, and Ti in both rivers, while
strong relationships were also found for Al, Mg, Mn, V, and Zn in the Atchafalaya River and B
in the Mississippi River, providing regression formulas useful for estimating metal mass
transport with discharge measurements. Overall, the Atchafalaya River constituted between 2434% of the annual loading of metals to the Northern Gulf of Mexico. Our hypothesis that the
Atchafalaya River functions as a sink for metals was partially confirmed, as daily loads of Al,
Ba, B, Fe, Li Mn, P, K, Si, Ag, Ti, V, and Zn regularly decreased from upstream to downstream
in the river, likely caused by a combination of sedimentation, sorption, and biological processes
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in the rivers extensive wetland floodplain network. Comparing our results to the EPA’s National
Recommended Water Quality Criteria, we conclude that Al, Fe, and Ag may be elements of
concern with regards to their potential toxicity to coastal ecosystems in both the Mississippi and
Atchafalaya Rivers’ coastal margins. However, it should be noted that the MDL for several trace
elements in this study was high with respect to their concentrations generally found in the
environment; therefore, we suggest further research utilizing an analytical method with lower
detection limits would be beneficial in enhancing conclusions on environmental health concerns.

87

CHAPTER 5. SUMMARY AND CONCLUSIONS
This thesis research examined dissolved carbon and river geochemistry dynamics in the
Mississippi-Atchafalaya River System in southern Louisiana with the following objectives: 1)
investigate dissolved carbon and riverine metals dynamics in the Mississippi-Atchafalaya System
and their relationships with river discharge, water chemistry, and meteorological conditions; 2)
quantify mass export of dissolved carbon and riverine metals from these rivers to the Northern
Gulf of Mexico; 3) determine processes influencing temporal variation in carbon dynamics and
CO2 outgassing in the Mississippi River; and 4) identify processes influencing spatial variation
in river geochemistry between these two rivers. Three initial hypotheses were put forward: 1)
Increases in air temperature and river discharge can elevate riverine carbon fluxes; 2) Instream
biological processes can produce diel variation in carbon dioxide fluxes from river surface water
to the atmosphere; 3) River corridor wetlands function as a sink for riverine metals, resulting in a
significant change in river geochemistry. The major findings of this research are summarized
below.
1) Concentrations of DOC in the Mississippi River averaged 611 µmol L-1 (±181)
between 2015 and 2018 with a range between 354–1175 µmol L-1. Despite a large range, DOC
concentrations demonstrated no relationship with discharge, chemistry, or meteorological data
collected in this study, though did have a strong relationship with CDOM fluorescence. Carbon13 isotopes of DOC indicate a strong contribution of C-3 plants on the DOC pool (-28.20
±0.83‰). Dissolved inorganic carbon concentrations averaged 1914 µmol L-1 (±573) and had a
significant inverse relationship with river discharge and positive relationship with specific
conductance. Consequently, concentrations of DIC were significantly lower during the wet
season (January-July), likely due to a dilution effect. Carbon-13 isotopes of DIC (-12.21

88

±1.15‰) had relationships with river discharge and specific conductance similar to that of DIC
concentrations, suggesting an increasing contribution of organic matter on the DIC pool with
increasing river discharge. Surface water of the Lower Mississippi River was constantly
supersaturated by dissolved CO2, with its partial pressure (pCO2) ranging from 526 to 3961
µatm. River water temperature and discharge alone predicted 63% of the variation in pCO2
measurements, resulting in highest measurements during late spring/early summer months and
lowest during winter. Instream pCO2 was also inversely correlated with DIC concentrations and
isotope, DO, pH, turbidity, chlorophyll a, and CDOM. Based on these relationships and
investigations in other large river systems, soil pore-water dissolution and instream respiration
were likely the two processes controlling pCO2 seasonal variation.
2) Between 2015 and 2018, the Mississippi River annually exported 3.95 Tg C-DOC and
12.25 Tg C-DIC into the Northern Gulf of Mexico, with 75% and 67% of their respective loads
discharged during the wet season. The riverine mass exports represent a flux rate of 1.4 g DOC–
C m-2 and 4.2 g DIC–C m-2 from the Mississippi River Basin, which are considerably higher than
those reported for other river basins. The Lower Mississippi averaged an annual outgassing rate
of 721 g C m-2 yr-1 and outgassed 215 Gg C yr-1 between Baton Rouge, LA and the river’s outlet,
Belle Chasse, LA. Concentrations of DOC and pCO2 measurements were substantially greater
than estimates reported 10-20 years past, accompanied by significant increases in river discharge
and air temperatures basin-wide. The higher DOC concentration paired with higher river
discharge resulted in a much greater annual export of total dissolved carbon (DOC+DIC, 16.2 Tg
C) from the Mississippi River Basin to the Gulf of Mexico than several previously reported
estimates, confirming our initial hypothesis. These findings suggest that DOC and CO2 fluxes
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from the Mississippi River Basin into coastal waters and the atmosphere will very likely increase
under continuing climate change.
3) A consistent diel cycle of riverine pCO2 and CO2 outgassing was found in the Lower
Mississippi River in the spring and summer of 2018. Recorded pCO2 measurements varied by
206–607 µatm in spring and 344–377 µatm in summer. During all samples, pCO2 measurements
were highest at 6:00 CST and lowest between 15:00 and 18:00 CST, resulting in significantly
lower values during daylight hours in summer. The diel cycle in pCO2 strongly correlated with
the daily cycle of solar radiation, water temperature, and river pH, suggesting a diel increase in
photosynthesis driven by solar radiation controls hourly pCO2 variability. As a result of this diel
cycle, CO2 outgassing was significantly lower during daylight in both seasons, with diel
variation ranging between 1.5–4.4 mmol m-2 hr-1 in spring and 1.9–2.1 mmol m-2 hr-1 in summer.
Daily outgassing rates calculated incorporating diel variation resulted in significantly greater
rates (26.2 ± standard deviation 12.7 mmol m-2 d-1) than calculations using a single pCO2 value.
The study confirms our initial hypothesis and suggests a likely substantial underestimation of
carbon outgassed from higher order rivers that make up a majority of the global river water
surface. The findings highlight the need for high temporal resolution data and further research on
diel CO2 outgassing in different climate regions to constrain uncertainties in riverine flux
estimation.
4) Between 2013-2016, higher concentrations of Al, Ba, B, Ca, Fe, Mn, Ag, and Ti were
found in the Mississippi River, while significantly higher Si and Na concentrations were found in
the Atchafalaya River. Differences in river geochemistry between the two rivers were attributed
to the contribution of the Red River on the Atchafalaya River and differences in hydrologic
connectivity, land-use, and anthropogenic sources based on previous research in both river

90

basins. Concentrations of Al, Fe, and Ag in both the Mississippi and Atchafalaya Rivers were in
exceedance of the EPA’s National Recommended Water Quality Criteria, suggesting potential
toxicity concerns within these rivers and coastal Louisiana. Significant relationships were found
between daily discharge and daily loads of Ba, Ca, Fe, K, Sr, and Ti in both rivers, while
significant relationships were also found for Al, Mg, Mn, V, and Zn in the Atchafalaya River and
B in the Mississippi River. Daily loads of Al, Ba, B, Fe, Li, Mn, P, K, Si, Ag, Ti, V, and Zn
regularly decreased from upstream to downstream in the Atchafalaya River, partially accepting
our initial hypothesis that river corridor wetlands reduce transport of metals. Seven major
elements (Ca, Na, Mg, Si, K, Al, and Fe) constituted 99% of the total annual mass load of metals
(73.8 Tg) from the Mississippi-Atchafalaya System to the Northern Gulf of Mexico from 2013 to
2016. Overall, the Mississippi River contributed 64–74% of the total annual loading of metals
from the Mississippi-Atchafalaya River System to the Northern Gulf of Mexico.
Of course no research is without financial and technical limitations. It is important to
identify these limitations not only for understanding the confines of scientific findings, but also
to provide direction for future research in these respective fields. Outlined below are the major
limitations of this research.
1) All water samples were collected from publicly accessible boat ramps using a 3.7-meter
pole, rather than from the center of the rivers. While many scientists argue that large flowing
rivers are chemically well mixed, river velocity tends to be lowest along shorelines due to
friction, allowing periodic pooling of water, promoting sedimentation and influencing stream
biota that have a strong influence on river chemistry (Hart and Finelli, 1999; Salmaso and
Braioni, 2008). Additionally, samples collected close to shore could have been influenced by
surface runoff, especially following local precipitation events.
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2) CO2 outgassing calculations were based on several assumptions and limited by data
availability. First, the gas transfer velocity constant (KT) was adopted from past studies and held
constant across all calculations, rather than calculated. Research has shown that KT is the most
sensitive component to calculating outgassing and can result in drastically different outgassing
estimates (Alin et al., 2011). There are various methods for calculating KT which can require
wind-speed data, water turbulence classification, and in-depth knowledge of river geometry and
geomorphology (Raymond et al., 2012; Liu et al., 2017). Calculating KT values utilizing these
types of physical data would likely improve our outgassing estimations. Second, a consistent
atmospheric CO2 value was used in calculating daily and hourly outgassing rates, when
atmospheric CO2 varies in both seasonal and diel scales (Ward et al., 2015; Imasu and Tanabe,
2018); therefore, measuring atmospheric CO2 over the water column during sample collection
would be beneficial.
3) Metals in Chapter 4 were analyzed as ‘total recoverable’ rather than partitioned by
particulate and dissolved forms. This is an important distinction because elements in the
dissolved and colloidal phase are most available to biological organisms for uptake.
Consequently, many regulatory agencies implement water quality standards for many of the
elements analyzed in this study based on dissolved concentrations. Many of the ions analyzed are
predominantly particulate bound; therefore, their transport is likely heavily regulated by
sedimentation patterns rather than the other bio-physical processes outlined in the study.
4) Maximum detection limits for many of the trace elements in Chapter 4, particularly heavy
metals, were very high with respect to their concentrations generally found in the environment.
Further research utilizing an analytical method with lower detection limits or large sampler sizes
would enhance the conclusions on potential environmental concerns from these elements.
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It is my hope that these limitations will be used as a stepping stone for progressing future
research in dissolved carbon transport, CO2 outgassing, and river geochemistry.
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